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ABSTRACT 
The effects of adding ground limestone to high alumina cement mortar 
were Studied, The hydration was carried out at 60°C to form the cubic 
hydrate C_AH_ directly, hence avoiding the conversion of CAH to 

a » an at 20°C. Other experiments involved subsequent carbonation 


with CO. and thermal treatment. The formation of stable carbonated 
phases was evident even at very early ages. 


Introduction 





Results of an attempt to stabilize 1:3 high alumina cement mortars against 
"conversion" by curing at 390 C and by subsequent carbonation with CO, and ther 
mal treatment were described in Part I of the present paper (1). The formation 
of stable carbonated phases was shown. The addition of CaCO. to the anhydrous 
high alumina cement before mixing was investigated as a possible alternative 
way carrying out the carbonation process. The results will be discussed in 
this paper. 


Experimental Procedure 





4 x 1x 6 cm Specimens of a 1:83 mortar were prepared uSing a high alumina ce- 
ment which had 20% by mass substituted by CaC0.,, analytical reagent grade, 
Both the carbonate and the anhydrous cement were previously mixed and homoge 
nised. The W/C ratio used in all cases was 0.42. A summary of the curing con 
ditions employed is given in Table I. IR spectroscopy and x-ray diffraction 
were used to identify the phases present in each case. They were used ina 
qualitative way and only relative intensities were considered, 


] 
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Results 


Figures 1 and 2 show the x-ray diffractogram and the IR spectrum, respective= 
ly, of the anhydrous (cement + CaCO.) mixture. 


Study of the Elevated Temperature Curing and Subsequent Carbonation of Speci- 





mens Containing CaCO, 





The specimens of 1:3 high alumina cement mortars with CaCO. were hydrated for 
28 days at two different temperatures: 20°C used as a control and 60°C, to 
get the cubic phase; they were then carbonated for 3 days. 


Hydration at 20°C 





Table 1 


Curing Conditions 


QB SPECIMENS WITH Caco, 





HYDRATION 





Tc ACE 








12° 28 days 








60 28 days 








SPECIMENS WITH Caco, 





HYDRATION || _-CARRONATION 





ACE | AGE 





28 days | 3 days 
3 days 





28 days 3 days 



































Figure 3 shows the IR spectra of the samples hy= 
drated for 28 days at 20°C (Curve 1) and subse = 
quently carbonated either at 20°C (Curve 2) or 
60°C (Curve 3). Characteristic IR absorption bands 
of quartz from the mortar sand appear in all the 
spectra. The IR spectrum of quartz is given in 
fig. 14 of Part I (1). 


Curve 1 proves that CAH, if formed at 20°C. The 
spectrum shows a typtienl tore of CAH, at 3510 
cm. due to OH valence vibrations ona the band 
in the 1650-1600 cm range due to H=0=-H bending 
vibrations of this hydrate partially overlapped 
with the very intense |5.-CO. band at 1435 cm . 
In our opinion, the water in CAH 0 is only weakly 
bonded to the rest of the moleculs, so that the 
OH valence band appears wide and at higher fre= 
quency while the H=O-H deformation band appears 
also wide and at a lower frequency than normal 
values of p, -— OH, Pp. -—- OH, and Y. — OH 
respectively. According to Rocchiccioli (2), wa- 
ter which is strongly bonded in a structure shows 
a higher frequency for the H=-0-H deformation band 
and a lower frequency for the OH valence band, 
Bayerite ( o -AL(OH)_) can be detected by its 
typical absorption bands at 1025 cm. and 970 

cm e The calcium carbonate in the sample is pre= 
sent as calcite which coexists with calcium carbo 
aluminate. The presence of carboaluminate is shown 
by the band at 422 cm since it is the only one 
from this compound that is not masked. An altera 
tion of the band correspgnding to the p ,-C0 
vibration, 1500-1400 cm , also seems to confirm 
the presence of carboaluminate. Hence, according 
to VAzquez et al. (3), we may say that the CaCO 
addition to high alumina cement promotes the 
formation of carboaluminate. 
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Curve 2 in Figure 3 shows the IA spectrum of samples with CaCO. cured For 28 
days at 20 C, and carbonated for 3 days at 20 C. The CO. treatment at 20 C of 
the sample with CaCO. cured at 20 C almost totally destroys the carboaluminate 
that had previously a formed during the hydration as shown by the conside=~ 
rable decrease in the band at 422 cm . The presence of a large quantity of 
CAH proves that carbonation was not deep, probably due to the low temperatu 
ree The attack of CO. on the aluminates seems to favour the octahedral coordi 
nation of the aluminium, Al0_, so that bands most altered by CO. treatment are 
those between 550-520 em and at 565 cm_ ; these are spectral regions in 
which Al=0 vibrations usually appear, and more specifically where condensed 
Al0O_ groups absorb according to Tarte (4), and the proportion of these groups 
increases as the carbonation proceeds. This effect is favoured by elevated 
temperature Since it is higher in samples carbonated at 60°C (Curve 3). 


Differences in the absorption in the 680-~G00 a, range are observed in Curve 
2 of Figure 3 for the uncarbonated sample. It can be interpreted as a process 
involving crystal growth, as the bands appear much better defined, and an in= 
crease in the proportion of condensed AlO_ groups, This is supported by the 
Fact that the absorption between 860 and 830 cm shows a higher relative in 
tensity than that in curve 1 for the uncar= 
bonated sample; this is interpreted as being 
caused by an increase in the quantity of con 
densed ALO, groups. Likewise, the interpre- 
tation given is confirmed by the decrease in 


Fige 2 


IR Spectrum of the (High Alumina Cement 
+ CaCO.) Mixture. 


TRANSMISION (%) 








TRANSMISION (%) 


S 
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Fige 3 


IR Spectra of Specimens 
with CaCO_ Hydrated for 
28 Days ak 20°C (Curve 
1) and Carbonated for 3 
Days at 20°C (Curve 2) 


Coco ) 
Pg I or 60 C (Curve 3). 


1 


the characteristic ab= 
sorption bands of iso= 
lated ALO tetrahedra 
CoCOs bet een O and 680 
20°C(28d) +34 CO,(202C) cm (4). Important in 
creases in the absorp= 
tions at 1080 cm and 
635 cm. are observed. 
These are interpreted 
as due to an increase 


CaCOy in the A--alumina con 
202C(28d)+3d CO,(602C) sant 
e 


Finally we conclude 
that carbonation causes 
structural alterations 
that, although not ful— 
ly confirmed, can be su 
mmarized as follows: An 
increase in the quanti- 
ty of calcium carbona—- 
te, mostly as calcite, when the carbonation takes place at 20 C, with a small 
quantity of aragonite forming from the cubic phase hydrate which might have 
formed during the hydration; a decrease in the quantity and ultimate disappea 
rance of the previously=formed calcium carboaluminates; structural alterations 
in the aluminates interpreted as an increase in the quantities of condensed 
octahedral ALO. groups and condensed tetrahedral ALO, groups at the expense 

of isolated ap tetrahedra. The sotehedrtoal ll youurdinted aluminium plays 
the role of lattice former and contributes to the development of mechanical 
strength, specially when in condensed units. 





When the carbonation of the hexagonal phase, CAH,_, formed by curing at 20°C 
for 28 days, is performed at 60 C (Curve 3, Figure 3), neither C AH. nor gibb 
site are detected. According to (3), this proves that the reaction 


CAH, ——+ CAH. + AH 


takes place only in a CO. free atmosphere. In our case CaC0., as well as the 
added CO, was present. — 3 shows a change in the band which appeared at 
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Fige 4 


IR Spectra of Specimens 
with CaCO. Hydrated for 
28 Days at 60°C (Curve 1) 
and Carbonated for 3 Days 
at 60 C (Curve 2). 


CaCOs 
602C(28d) 





3510 “" in the two pre= 
vious cases, Curves 1 and 
2e The sharp band which 
now appears at 3470 cm 
Suggests more strongly=bon 
ded OH groups in the sam= 
ple carbonated at 60°C. 
Further, a weak,band obser 
ved at 3510 cm is inter= CaCO, 
preted as due to the par= 602C(28d4.)+C023d (602C) 
tial transformation of the 
water in CAH, into ano= 
ther nana eat diffe= 
rent bonding of the water. 
Two Shoulders are obSer= 
ved at 3665 and 3625 om P 
wavelengths characteristic 
of carboaluminates. 


TRANSMISION (%) 











The band in Curve 3 bet= 

ween 1700 and 1600 cm. due to HOH bending vibrations appears diminished in 
intensity with respect to the sample carbonated at 20 C. This suggests that 
the molecular water initially present in hexagonal compounds ends up in ano= 
ther compound with more strongly—bonded water. The presence,of bayerite seems 
to be confirmed by the absorption bapds at 1025 a d 970 cm . The well-defi 
ned bands at 1480=1440 cm , 875 cm~ and 859 cm re attributed to vaterite. 
An increase in the intensity of the band at 635 cm » aS compared to the sam 
ple carbonated at 20 C (32), is observed; this band is even stronger than 
that of the hydrated sample without carbonation. It suggests the presence of 


A — alumina. 


Hydration at 60°C 





When the high alumina cement mortar with CaCO. is hydrated at 60°C for 28 day 
(Fig. 4, Curve 1), CAH. is detected by the OM valence vibrations at 3670 cm 
and by the vibrations between 600 and 500 cm due to Al=0 bonds. Aluminium 
hydroxide in the form of X= Al(OH)., is also detected by the typical absorp= 
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CoCOy 
60%C(24h)416C02(608%C) 





CoCOs 


CoCOy \e0%c(24n)-3¢ CO2(608C) 


GOFC(EN)+ 36CO, 
(60%C) 


Ae 
CoCOs 


CoCOs 60°C(24h)+5dC02(602C) 
6O0FC(Eh) +56 CO2 


2 


TRANSMISION (%) 
TRANSMISION (%) 








IR Spectra of Specimens with Caco, IR Spectra of Specimens with CaCO 
Hydrated for 6 Hours at 60 C and ~ Hydrated for 24 Hours at 60 C and 
Carbonated at 60 C for: 18 Hours Carbonated at 60 C for: 24 Hours 
(Curve 1), 3 Days (Curve 2), and 5 (Curve 1), 3 Days (Curve 2), and 
Days (Curve 3). 5 Days (Curve 3). 


=‘ 
tion bands at 3616, 39533,3454,3401, 4020 and 970 cm_ , Carboaluminates with 
their characteristic band at 422 cm also appear in this sample. The calcium 


carbonate is present mainly as calcite. 


When the samples are exposed to CO. at 60°C for 3 days (Fig. 4, Curve 2), a 
deep carbonation of the hydrated cubic phase is observed. The quantity of 
CAH decreases considerably although it does not disappear, probably because 
the Seas for carbonation is small compared to the time for hydration (28 days). 
Carboaluminates are not detected. This confirms that these compounds are in - 
termediate states in the carbonation process, and they disappear as the reac- 
tion progresses. Therefore, we may conclude that carboaluminates are neither 
stable nor final phases in the high alumina cement carbonation process, The 
calcium carbonate is present as calcite and aragonite. The presence of arago 
nite is deduced from the shape of the absorption band, between 1500 and 1400 
cm. and it is confirmed by the absorption at 862 cm typical of this com = 


pound. 
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Fig. 7 


IR Spectra of Specimens with 
CaCO Hydrated for 3 Hours at 
80 C and Carbonated at 80C 
CoCOs for: 21 Hours (Curve 1), 3 Days 
BOPC(3h)+21h COZ (B08C) 
(Curve 2), and 5 Days (Curve 3) 


The aluminium hydroxide found in 

— Fig. 4, Curve 2, seems to be ba= 
80% C(3h)+346C02(80%C) yerite as in the previous case. 
However the relative intensities 
of its typical absorption bands 
seem to be decreased by the car= 
bonation, as shown by comparison 
of the IR spectra. The intensity 
increase of the_Dands at 635 
cm and 520 cm prove that the 
quantity of ol-alumina is lar= 
ger in the carbonated sample. 
The absorption of the latter is 
overlapped by the absorption of 
quartz at this frequency. The 


TRANSMISION (%) 


aCOs 
80%C(3h)+5dC02(808C) 








variation observed in the slope of 
the spectrum between 750 and 712 


cm Sg is interpreted by 

Tarte (4) as an increase in the pro- 
portion of condensed tetrahedral ALO, « 
Likewise, the diffuse absgrption de= CoCOy 
tected in the 660-620 cm range is wae is 
interpreted as due to a rise in the 


quantity of condensed octahedral ALO. 


CoCOy 
BOPC(24h)+3dCO— 
(80%C) 


TRANSMISION (%) 


Fige 8 CoCOs 


BO8C(24h)4+56CO2 
(80%c) 


IR Spectra of Specimens with CaCO 
Hydrated for 24 Hours at 80 C and 
Carbonated at 80 C for: 24 Hours (Cur 
ve 1), 3 Days (Curve 2), and 5 Days 
(Curve 3). 
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Table IT 


Compounds Formed 


SPECIMENS WITH CaCO 





3 





HYDRATION 


COMPOUNDS FORMED 





Tc  —s AGE 





1 20 28 days | CAH 


10 


+ CaCO, + carboaluminate 
calcite > 





60 268 days |C AH, + Caco 
aragonite bayerite 


2 3 





+@ =Al (OH) 








SPECIMENS WITH Caco, 








CURING 


COMPOUNDS FORMED 





HYDRATION 





Kinetics of Hydration and Car 
bonation Reactions of High 
Alumina Cement with CaCd., 











Specimens of high alumina ce 
ment mortar with Calo, were 
cured at two temperatures, 
60°C and 80°S, for short ti- 
meS. These weres 


a) 6 hours at 60°C and subse 
quent carbonation for 18 
hours (up to a total of 
24 hours from the end of 


Tc AGE mixing), 3 days and 5 days. 


; a rs) 
~A1,0, +a ~A1(OH), 3 hours at 80 C with subse 
bayerite i f oy -— 
CaCO, + q -Al,0, +a ~A1 (0H) quent carbonation for 
vaterfite bayerite hours (up to a total of 
24 hours from the end of 





20 28 days 


3 


| 
| 
| 
} 


1 





+ a -Al(0H) 


60 28 days | 6 CaCO, +a -Al,0 
2 
bayerite 


2 aragonite j 


mixing), 3 days and 5 days. 





24 hours for both 60°C and 
80 C followed by CO treat 


- 


ment for 1, 3 and 5 days. 


Caco, +a ~A1,0, +a ~A1 (OH), 


aragonite bayerite 





Figures 5, 6, 7 and 8 show 
the IR spectra of all the sam 
ples cured in this way. The 
Compounds present in all of 
them are the same as those 
which appeared in Fig. 4, Cur 
ve 2. We shall now consider 
only their hydration and car— 
bonation kinetics at early 
ages as function of tempera— 


CaCO, +a ~A1,0, +a ~A1 (OH), 
aragonite bayerite 





+a Al(OH) 


CacO, +q -Al.0 
2 ‘ 
bayerite 


aragofite 3 





CaCO, +a -A1,0, + a Al(OH) 
aragofii te bayerite 

















ture and time. 


The progress of the carbonation reaction can be deduced from the residual quan 
tity of CAH after the CO. treatment. At 24 hours after the end of mixing, 
specimens with CaCO nytidlied at 60°C for 6 hours (Fig. 5) and carbonated for 
18 hours at the same temperature (Curve 1) show a lower quantity of C_AH_ than 
that which appears in samples hydrated for 24 hours at 60°C (Fig. 6) and after 
wards carbonated for 24 more hours (Curve 1). The same effect is observed in 
comparing the IR spectra of specimens hydrated at 80 C for 3 hours (Fig. 7) 
and carbonated for 21 hours (Curve 1) and specimens hydrated at 80°C for 24 
hours (Figs 8) and carbonated 24 hours (Curve 1). The shorter hydration times 
show the better results from the point of view of obtaining carbonated phases. 


a) 
The carbonation of high alumina cement mortars with CaCO. at 80 C causes the 
quantity of residual C.,AH.. to be lower than those of the same age cured under 
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the same conditions at 609°C. Both curing temperatures, 802C and 60°C, give a 
practically total carbonation of the specimens after 3 days of treatment (Cur 


ves 3). 


Figures 9 and 10 show the x-ray diffractograms of samples cured at 60°C and 
802C. They confirm everything that was deduced from the IR results. Table II 
Summarizes the compounds formed with all the curing conditions studied. 


Discussion 


The rate of the carbonation reaction is higher in specimens with CaCO. than in 
those without carbonate (see part I) cured under the same conditions. This 
effect has the maximum importance when a large concrete mass is to be carbona= 
ted. This is because the CO. acts principally on the surface and the depth of 
its action will depend on ifs access to the inner part and, hence, on the con 
crete porosity. But if CaCO. is added to the anhydrous cement before mixing, 
the inner part is then carbonated causing an homogeneous distribution of the 
final stable phases. This effect, together with CO, addition from outside, 
leads to optimal results from the point of view of the phases formed and the 
very short curing times. The strength results obtained by the same authors (5) 
seem to confirm the good performance of high alumina cement cured in this way. 


Conclusions 


The results presented in the present paper suggest that the optimal way of cu- 
ring a high alumina cement when a carbonated product is desired iss 


a) Addition of CaCO. to the anhydrous high alumina cement before mixing to ser 
ve as a carbonating agent. 


b) Carrying out the hydration and carbonation of high alumina cement at 80°C 


c) Hydration for 3 hours followed by exposure to cO,, for 18 hours (or at most 
3 days . 
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ABSTRACT 


Synthetic clinkers, similar to high-silica Portland Cement clinkers, 
were prepared from raw material containing at times more than 50% 
011 shale from Har-Tuv area (central Israel) to which phosphate 

rock and laboratory grade CaCO; and Si0, were added. Although 
some clinkers contained more than 3% P,0,, their mineralogical 
composition was satisfactory (50 to 60% C,S). This result was 
obtained by taking into account in the SM formula the P,0, 
concentrations. The resultant relatively high silica concentrations 
raise the melting point of the raw meal, causing a non-equilibrium 
state which allows the formation of C,S and its preservation. 


Introduction 





The use of oi] shale as raw material for the production of Portland cement 
is an attractive concept, since the organic part may serve as fuel while 
the inorganic part constitutes the raw material for the clinker. Further- 
more this use of oi] shale produces practically no waste and therefore does 
not present the usual ecological problem of how to cope with the spent 
shale. One of the obstacles to this use in Israel is the relatively high 
P,0, content (1 to 5%) of the local Ghareb oil shales. These concen- 
trations are higher than those now allowed in raw material used to produce 
Portland cement. This work was carried out with the aim of studying the 
influence of P,0, on clinker reactions and avoid its detrimental effects 
in the manufacture of cement. 


Many investigators have dealt with the influence of P,0, on clinker 
minerals: Guye [1]; Vlkov and Tabakama [2]; Teoreanu and Tran van Huyrah 


1] 





ICT SE A. 


[3]; Salge and Thorman [4]; Rangarao [5] amongst others. Among the most 
important contributions to the subject are those from U.K. Building Research 
Station: Nurse [6]; Nurse et al. [7]; Welch and Gutt [8]; Gutt [9]; 

Gutt and Osborne [10]; Gutt and Smith [11]. They discovered that P,0, 

(in the form of C3P) forms a solid solution with C,S thus stabilising 

it, and causing reduction in the concentration of C,S with a corresponding 
increase in the free lime content. The importance of fluoride as minerali- 
zer in the manufacture of phosphatic cement was elucidated and phase 
diagrams of the systems 2 Ca0.Si0, - 3 Ca0.P,0, and 2 Ca0.Si0, - 

3 Ca0.P,0, - Ca0 and others were published. Finally the effect of P,0, 

on the hydraulicity of the calcium silicates was discussed. 


Experimental 


A composite sample of oi] shale from the Har-Tuv area (L-30) with the 
following composition: Ca0 37.8%; SiO, 10.3%; Al,03; 4.2%; Fe 03 1.6%; 
P.0; 1.3% was chosen for this study. One sample, prepared by adding 
laboratory grade CaCO; and Si0, to the composite sample in order to 
reach LSF ~ 1.0 and SM ~ 2.2, was then ignited to 1450°C in a vertical 
furnace. The sample was taken out at fixed intervals, ground and homogenised 
and returned to the furnace. A series of samples with increasing P,0; 
content ranging from 1.9 to 5.0% after ignition, was prepared by adding 
phosphate rock (H.H. 203) which contains ~ 85% theoretical fluor-carbonate- 
apatite, the rest being mainly calcite. The LSF and SM were kept constant 
at ~ 1.0 and ~ 2.2 respectively. 





The ignited products were chemically analysed. An NaOH melt was prepared 
for the determination of Si, Al, Fe, Mg, Ca and P. The analysis was 
carried out by ICP spectrometry. Some samples were analysed for F by 
the specific electrode method [12]. The resulting phases were determined 
by XRD amd were also studied by SEM and electron-probe. 


Results 


After ignition to 1450°C, the clinkers showed: a) A decrease in tricalcium 
silicate (alite) and an increase in dicalcium silicate (belite) relative to 
the phosphate concentration. This is, on the whole, in agreement with 
former results of Nurse [6] and Gutt [9]. It should be noted that the 
effect of P.0; is appreciable only after its concentration is higher 

than 1% in the ignited product. b) A behaviour of the samples which 
indicates an increase of the molten-interstitial phase with increasing 
P.0;, suggesting its somewhat similarity in this respect to R,0,. Fig. 1 
and Table 1 summarize the results of this experiment. 








1 1 | 








2 3 4 
% P20s5 after ignition 





P,0;5 CLINKER REACTIONS, OIL SHALE, MELTING POINT 


Table 1. Alite (C,S), Belite (C,S) and P,0, content in the clinkers 





Average* Average* 
Sample P.0. % C5 ho P.0; % ho P.0; a 


(after ignition) (in C,S) (in C,S) 





L-33 
(L-30 + 10% Caco, 
+ 2% Si0,) 


L-34 
(L-30 + 8% Caco, 
+ 2% Si0, 

+ 2% H.H.203) 


L-35 

(L-30 + 6% Caco, 
+ 2% Si0, 

+ 4% H.H.203) 


L-36 
(L-30+ 4% Caco 
+22 Si0, ° 
+ 6% H.H.203) 





* Average from several electron probe values collected from different 


grains. 
** Not determined. 


As can be seen from Table 1, the clinkers produced were unsatisfactory 
since they contain an unfavourable ratio of C3S to C.S. Portland 
cement should have at least 45% of C.,S. Adding CaC0,; (LSF > 1) to the 
raw meal does not improve the results, on the contrary, it leads to the 
production of free lime. Addition of Si0, markedly improved the com- 
position and since the behaviour of P20; appears to be similar to that 
of R203, it is suggested that a slightly different silica modulus be 
defined in the presence of P,0; as follows: 


Sid, 


SM! = 
miu, + FO,0, + PAU, 





It has previously been suggested by Gutt and Smith [11] that P,0. be 
accounted for in the LSF formula. A second series of samples was thus 
prepared from L-30 in which SM' was kept constant at ~ 2.75 and LSF ~ 
1.0. P,0, ranged from 1.4 to 4.8% in the ignited products. Fig. 2 and 
Table 2 summarize the results of the second series. 


The results of this experiment were satisfactory, viz., even at a level 
of 2.8% P,0; in the ignited product, 62% C,;S were produced. 


In all the products F was not detected. 
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1 1 A 





3 4 
‘%e P20, after ignition 


Table 2. CS, C,S and P,0, 


Vol. 


content in the clinkers 





Average* 
P.O, % 
(in C,S) 


Sample Pa, to C.s % 


(after ignition) 


Average* 


P.0, % 
(in C,S) 


Eos 





L-51-1 
(L-30 + 9.2% Si02 
+ 43.3% CaC0;) 


1.4 


L-51-2 
(L-30+ 11.7% Si0, 
+ 53% CaCO; 

+ 3% H.H.203) 


L-51-3 
(L-30 + 14.7% Si0, 
+ 65% CaCO, 

+ 6% H.H.203) 


L-51-4 
(L-30 + 17.5% Si, 
+ 76% CaCO, 

+ 9% H.H.203) 


L-51-5 
(L-30 + 23% Si0, 
+ 98% CaCO, 

+ 15% H.H.203) 


L-51-6 
(L-30 + 28.5% Si0, 
+ 120% Caco, 

+ 21% H.H.203) 


3.0 





* Average from several electron probe values collected from different 


grains. 
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P20,» 


Discussion 


It can be seen, from the second series of samples, that mineralogically 
acceptable clinkers can be produced with P,0, concentrations up to 3.5% 
(where the original oil shale comprises about 50% of the sample). Prelimi- 
nary tests of strength at the Israel Ceramic and Silicate Institute [13] 
gave encouraging results. Obviously more tests for this type of clinker 
are needed before any definite conclusions can be reached. It is to be 
noted that the P20; content of alite was more or less constant and 
homogeneous at 1.5%. On the other hand the amount of P.0;, in belite 

was in many cases different from grain to grain, it was also not homo- 
geneous within the same grain; e.g. in sample L-51-5 it ranged from 3.3% 
to 16% (Fig. 3). In samples L-51-5 and L-51-6 some tricalcium phosphate 
grains almost non-reacted were found. A reduction in the amount of molten 
phase was also observed. 


The concentrations of P,0, found in alite were higher than those found 
by Gutt [9], viz. 0.5% in C,S and are closer to those found by Schlaudt 
[14]: 1.1% and by Salge and Thorman [4]: up to 2.2%. These concentra- 
tions of P20; in C3S probably explain why the influence of P,0; on 
the clinker composition is evident only after it is higher than 1% in the 
clinker. 


The concentrations of P20; in belite have a much larger variability and 
are related to the concentration of P20; in the raw material. Gutt [9] 
+ summarising earlier work showed that above 1500°C there is a complete solid 
si solution between a-C,S and a-C;P, the so-called, super-a-tricalcium 

20% phosphate [15]. At temperatures of 500°C and below, C2S may contain up 

to 35% C3P (16% P05): a'-C,S is the most common polymorph, a-C2S and 
8-C,S are also stable in certain ranges of temperature and P20; concen- 
trations (see phase diagram of Nurse et al. [7]). It has been claimed that 
2.5% P05; in cement mixes is the upper limit allowed for producing satis- 
factory cements [6]. This is based on Nurse's relation [6] that for each 

1% P,0; added to a cement mix C3;S is lowered by 9.9% and C,S_ raised 
by 10.9%. Indeed this relation is correct and has been substantiated [16]; 
however it is correct only at equilibrium. Different C;S and C,S con- 
centrations may be obtained from mixes with the same P.O; contents; e.g., 
some of Gutt and Smith's results [11] which are summarized in Table 3 (based 
on their Tables 2, 5, 8 and 10). It is clearly seen from Tables 1, 2 and 3 




















Table 3. P.0;, SM, C3;S and C,S content of some clinkers 











rite aetlone P20s% C35 % C,S% SM SM! 












oA 






3.0 59 31 





West Africa 








West Africa K 54 33 









45 43 





West Africa 4.0 








2.95 38 40 1.42 1.14 








Uganda 








Uganda a0 18 33 1.27 1.02 








* Original numbers from Gutt and Smith [11]. 
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(c) 
a, oe 


Electron-probe micrographs of a single C,S grain 


Back-scattered electrons image (composition) 
Enlargement of detail in (a) 

X-ray (P K,) distribution map of (a) 

X-ray (P K,) line traverse in (c) 
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that although our results are very similar to those of Gutt and Smith [11], 
the SM is the key to the differences in C3;S and C,S content in the 
clinker. We claim that the reason for these differences is non-equilibrium. 
Furthermore we suggest that the way to achieve non-equilibrium is by taking 
the P20, content into account in the calculation of the SM formula. The 
scarcity of the interstitial phase enhances non-equilibrium; some phosphate 
grains remain almost unreacted, some C,S grains may contain up to 16% 
P.0;, while other grains may contain less than 2% and therefore transform 
into C;S. To test this hypothesis one sample L-51-5 (Table 2) was heated 
and ground at periodical intervals during a long period (24 hours) to induce 
equilibrium. The mineralogy was examined by XRD at regular intervals. No 
significant change occurred within the first 11 hours. After 20 hours the 
concentration of C3S dropped from 50% to 25% and after 24 hours to 17%. 
The results of these experiments: (a) support of the hypothesis of non- 
equilibrium and (b) show that this non-equilibrium does exist under the 
experimental conditions. 


Conclusions 


One of the effects of the presence of phosphate as carbonate-fluor-apatite 
in the raw material in the clinker reactions is to lower the melting point 
of the raw meal, thus increasing the liquid phase, and at times even causing 
a complete melt. This is probably due to two reasons, one the similarity 

in behaviour of P20; and R03; and second the probable catalytic influence 
of the fluorine which is part of the apatite. Taking into account the con- 
centration of P20; in calculating the silica modulus (in other words in- 
creasing the silica concentration) solves this problem. This comparatively 
high silica concentration appears also to allow the use of raw meals higher 
in P20; (3%) than the suggested limit (2.25%, Nurse [6]). It should be 
stressed that these phosphate containing clinkers have been proved so far 
only to be mineralogically satisfactory and while preliminary tests of 
strength gave encouraging results, more work is needed before definite 
conclusions can be reached. 
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Appendix 
3Ca0.Si0, 
2Ca0.Si0, 


oa $i0 
Silica Modulus, Mz,0, + Fe,0, 





: ; ” Ca0 
Lime Saturation Factor, LSF = 2.8510,+1.65Al,0,+0.35Fe, 0, 
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ABSTRACT 7 
The Mossbauer spectroscopic investigations of dry sample 


of Indian high alumina cement (HAC) show that Fe,0z 
occurs in the CF, CA and CoF, «xx phases, The presence 
of CF component in this cement is being reported for the 


first time and its unambiguous detection has been made 
possible by the selectivity of Méssbauer spectroscopy. 
The spectra of hydrated HAC have been discussed in terms 
of hydration of the above mentioned compounds. The X-ray 
diffraction studies of dry as well as hydrated HAC are 
also included. 


Introduction 


The high alumina cement (HAC) is believed to be different 
from the portland cement and its main constituents are: CA and 
Cy ohn and other compounds such as CAg, P-C2S, C,AS , CoP a Ay 


(0.34x 4 0.7), CeA,MS and CgA,fS etc, The information in 


respect of composition and the hydration behaviour of the iron 
phase in this cement is very vague. In view of the selectivity 
of Mossbauer spectroscopy, this technique has been used by some 
workers (1-3) to study the iron phase in HAC, However, their 
studies have not helped in reducing the confusion. It was 
therefore decided to undertake the Mossbauer and X-ray 
diffraction investigation of HAC (dry as well as hydrated) and 
the findings are reported in this paper. 


Experimental 


The oxide composition, in mass percent, of the commer- 
cially supplied HAC, used in the present investigations is: 
CaO = 33, Alj03= 52, Sid, = 3, Fej03 = 5, MgO = 1, others = 6, 


It was hydrated at ambient temperature with distilled water, 
keeping initial water to cement ratio as 0.5 in four properly 
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sealed different tubes. After fixed intervals of time (1 day, 

1 week, 2 weeks and 4 weeks), the hydrated cements from the tubes. 
were vacuum dried and placed in a desiccator over silica gel. 

The fine powders of samples for X-ray diffraction and Mossbauer 
spectroscopic studies were prepared by grinding in a mortar. 


The X-ray measurements on dry as well as hydrated samples 
were made at room temperature on PW 1140/90 Philips X-ray 
diffractometer using Cuk, radiation. 


The MOssbauer spectra have been recorded in the trans- 
mission geometry as described earlier (4,5) and analysed through 
computer fit on DEC-2050. These spectra, for dry and hydrated 
sémples, are projected in Fig.1. 


Results and Discussion 





X-ray data 

On the basis of the X-ray powder data available in the 
literature (6-8), various peaks in the diffractometer trace of 
dry HAC have been assigned as shown in Table 1, 


This table includes the CF,_,A, compound in addition to 


those listed earlier in the introduction. This assignment has 
been guided by our findings through Mossbauer spectroscopy, 
which are discussed in the next sub-section. As far as X-ray 
data are concerned, these alone are inadequate to give any 
unémbiguous information about the iron-bearing compounds because 
the peaks corresponding to these are superimposed over those 
pertaining to CA and Ca oAve 


"4, Weeks 


ie 2 Weeks 


Resonant absorption 


t i 


~2.0 -1.0 0.0 1.0 
Relative velocity (mm®) 
FIG.1 
MBssbauer spectra of dry HAC and its hydrated samples 
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Table 1 
The assignment of different X-ray peaks to the 
compounds in HAC 








Bragg 20 
(in degrees) Compound 
24.0, 27.9 CA 
Wet, F121 CA 
31.4 CAS, CA, CeA,MS 
32.3 B -CoS 
33.3 CypAas CF, Ary CoFy Ay 
35.5 CA 
35.8 CA, CF,_ A, 
36.6 Ci oA9 
37 04 CA, CoAS 
41.2 CA 





A look on the traces for hydrated HAC samples showed that 
the peaks corresponding to CA alone almost disappear in one day, 
This is in accord with the fact that CA phase hydrates very 
quickly (9). However, the peaks at 26 values 31.4° and 33.3° 
persist because the phases Cok yMs and C, Ay are known to be slow 
hydrating. The slow hydration of CioA7 ¢s also supported by the 
fact that no peak is observed even in the cement hydrated for 4 
weeks corresponding to 28 = 31.0° due to CoAHe(Hs H50), which is 


believed to be hydration product of Cro - Various peaks in the 
traces for hydrated samples have been assigned as under (6,10). 
C, AH. by o 20.6°, 26.6", 26.5°, 52.0", 5963", 44.,6° 

czAC Hy 2 (CuCaco, ) : 23.4%, 31.4° 

Al(OH); 3 20.2* 

13 3 ste", 36.7° 

351.2°, 36.,1° 

Once again, it is not possible to draw any unique conclu- 


sion about the hydration of iron bearing compounds from the X-ray 
data, 


Méssbauer data 

According to the available literature, ferric oxide present 
in HAC mainly occurs in CoF,_ A, (0.3Ex < 0.7) and can be distri- 
buted in CA and C,5A, phases. ‘Therefore, it was anticipated that 


the MUssbauer spectrum of dry HAC would be broadened due to large 
number of Fe sites but qualitatively it should be similar to the 

spectra of other cements which have CF,_,A, as the iron containing 
phase. However, it has been found that this spectrum is distinctly 
different from those for ordinary portland cement (OPC), portland 
pozzolana cement (PPC), portland slag cement (PSC ) and sulphate 
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resisting portland cement (SRC) obtained in this laboratory 
(4,5). This observation is further corroborated by the 
difference in the spectra of HAC and SRC at 21 K: the HAC does 
not show ordering effect whereas it is very clear in SRC, even 
though Fe,0z, content of HAC is more than that of SRC (Fig.2). 


Resonant absorption 





-10.0 -5.0 0.0 
Relative velocity (mm rs 


FIG.2 
MUssbauer spectra of dry HAC and SRC at 21 K. 


Instead, the envelope of HAC spectrum at room tempera- 
ture closely resembled the spectrum of CF reported by Hudson 
and Whitfield (11) and those of the CF,_,A, series, later on, 
recorded in this laboratory. A detailed study (12) of CF, A, 


system revealed that for non-zero x there are two phases of 
CF and CA, which co-exist and that Fe and Al are distributed 
in CA and CF phases, respectively. 


In view of the above comments we were led to believe 
that CF is the major iron-containing phase in HAC. In &Sddition, 
Fe also occurs in CA, CaF, A, and other phases. Now the 


number of Fe sites in CF, CA and CoF,_ A, are 2,6 and 2, 


respectively, and all these are non-cubic. But fitting such a 
large number of doublet patterns in a spectrum covering small 
span of velocity is not advisable. Therefore, the analysis 

of the spectrum of dry HAC has been carried out in terms of 
lesser number of sites and & good fit is obtained by assuming 
four different Fe sites. The parameters so obtained are listed 
in Table 2. A comparison of these parameters with those for 
the compound CF (11, 12), CA (12) and the phase CoP, _ A, (455) 
in the cement, together with the fact that the behaviour of 

the compound in the cements is different from that in pure 


state, shows that the first two sites can be assigned to CF, 
the third site to CoF,_,A, and the fourth site to CA phases, 


The distribution of Fe in the six sites of CA and its presence 
in small quantity in the phase C4 o4e leads to broaden the 
Lorentzian lines. 
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Table 2 
ee * 
The MYssbauer parameters of dry and hydrated HAC 





Sample Isomer shift Quadrupole Percent Line 
(w.r.t.iron) splitting relative width 
went” Intensities want 


£3 $3 48, AE, SE, 1) 1, iy 
Dry 0,31 0.23 1,03 0.70 29 29 21 0.57 
1 Day 0.32 0.22 1.03 0.59 41 44 15 0,49 
1 Week 0,33 0.25 0.98 0.55 40 46 14 O.47 
2 Weeks 0,33 0.24 1.00 0.58 37 50 15 0.48 
4 weeks 0,33 0.22 1.04 0.57 37 55.—ClUC SCO 


1 














*Parameters for the fourth site corresponding to CA in dry 
cement are§,= 0.21 mms”', OE,= 0.53 mms"! and intensity 


I= 21 percent whereas this site is absent in hydrated cement. 


In order to facilitate the resolution of the spectra of 
hydrated HAC, the Mossbauer spectra of the CF, Fe : CA (Fe 
substituted CA) and C5Fo 540.5 compound hydrated for different 
intervals have been recorded and the parameters derived from 
the computer fit are given in Table 3, 


Table 3 


MUssbauer parameters of various iron bearing phases 
hydrated for different intervals of time 





Sample Isomer shift Quadrupole Percent Line 
(w.r.t.iron) relative width 
ome” Intensities oan? 


$4 $2 T 


1 











CF 0.35 0.35 0.42 


(1 Week) 

Fe : CA 0,32 0.23 0.82 0,43 0.48 
(2 pays) | 

CoF9 540.5 0.36 0.34 1,01 0.65 10 0.53 
(4 Weeks) 





The isomer shift and quadrupole splitting values for the 
two sites of hydrated CF are —s close to the corresponding 
magnitudes for dry CF (11,12). his implies that hydration of 
CF proceeds very slowly and that there is no significant change 
in one week. Since CA phase hydrates very fast, as shown by 
the X-ray diffractometer traces also, and our Fe ;: CA system 
does contain CF phase, we can only say that hydration of CA 
leads to formation of such compounds whose Mossbauer spectra 
can be fitted into two components with the parameters listed in 
Table 3. In the case of CoFo 540.5? hydrated for four weeks, 


the major product has § = 0.34 mms~’ and AE= 0.65 mnS e 
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In view of the above observations regarding the nature 
of the Mossbauer parameters for the hydrates of pure compounds, 
the spectra for the hydrated HAC samples have been analysed in 
terms of three doublet patterns and the resulting parameters 
are also included in Table 2. While interpreting these data, 
it has been kept in mind that parameters for various phases and 
their hydrates in the cement are modified as compared to those 
for pure ones. 

Since C,F,_,A, is a slow hydrating phase (13), its hydra- 
tion in the cement may not be complete in four weeks. The third 
site in the hydrated HAC should be due to unhydrated C,F,_ A, 
and decrease in its intensity down the column is expected on 
its slow hydration with time. The hydrated phase appears to 


contribute to the second site (qualified by the parameters$ 9 
and A E>) as the parameters for hydrated CoF 540 5 are close 


to these. As more and more CoF,_,A, is hydrated, I, goes on 


increasing. In the case of CF sites, it is empected that the 
parameters in hydrates should also be close to those in the dry 
cement, as has been observed for the hydrated pure CF compound, 
Accordingly, it is concluded that the site assigned to the 
parameters §4 and A541 in dry powder continues to contribute to 
first site and that with parameters &2 and AE? to the second 
site. Lastly, the hydration of the CA phase seems to contribute 
to the two sites labelled with subscripts 1 and 2, making 
effective contribution of about 13% to the first site. The 
decrease in the intensity of the first site with time of 


hydration is attributed to the fact that slow hydration of CF 
may lead to some increase in intensity of the site with lower 
quadrupole splitting at the cost of the site with higher 
quadrupole splitting. 
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Impregnated cement pgstes were prepared from fine cement 
of Blaine area 6U0 m°/kg using various initial W/C ra- 
tios in the range 0.25-U0.70, cured for various durations, 
and by using styrene or methyl methacrylate, which were 
polymerized in situ by thermal treatment. The polymer 
effect on compressive strength was found to be variable 
and depends on pore size. Upon impregnation, low poro= 
sity samples show measurable reduction in zero strength 
porosity, whereas high porosity samples show measurable 
reduction in the strength at zero porosity. Enhancment 
of compressive strength takes place at an optimum range 
of porosity and gel/space ratio. 


INTRODUCTION 


Polymer impregnated concretes provide definite advantages 
over conventional concretes. The first investigations of impreg- 
nated polymer concrete tried mainly to increase the quantity of 
absorbed and polymerised monomer because this gave a greater 
decrease in the original porosity of concrete and a subsequent 
improvement in physico-mechanical properties. However, the tech- 
nical considerations reported by Auskern (1) revealed that pore 
impregnation with polymers, even when complete, does not give 
the same strengths that theoretically could be reached by a ce-=- 
nent peste without pores. Munoz, Escalona and Ramos (2) also 
showed that in order to develop true composite action a minimum 
amount of polymer inside the specimen is required. This critical 
amount depends on the characteristics of the polymer. 

Contrary to prevailing opinion (3) and in agreement to what 
is steted by Auskern (1) and by Rio and biagini (4) our experi- 
ence confirms the non-equivalence between the solid fraction of 
the cement paste and polymer on mechanical characteristics of 
impregnated concretes. Recent studies revealed additional factors 
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which affect the mechanical properties of polymer impregnated 
concrete, such as the pore structure of the solid matrix, the 
degree of polymerization and average molecular weight of the 
polymer inside different size pores (5), and the distribution 

of the polymer inside the porous matrix in concrete (6).The 
present investigation reports some recent studies on polymer- 
impregnated cement pastes concerning the various factors affect- 
ing the compressive strength of the impregnated pastes, namely 
the residual porosity and the gel/space ratio. It will become 
evident that the nature of the polymer or its state of polymeri- 
zation inside the pores can not be overlooked in such studies 


EXPERIMENTAL 

The cement was the same one used in a previous investigation 
(7). It was ground to a Blaine area 600 m°“/kg. The monomers were 
styrene (S) and methyl methacrylate (MMA), using benzoyl peroxide 
as an initiator. Impregnation was carried out by evacuating the 
sample then pressurizing the monomer under nitrogen at 1 atmosph- 
ere, using the same technique described earlier (7). Samples IB, 
IIB, IIIB,IVB and VB will indicate pastes mixed with 0.25, 0.30, 
0.40, 0.50 and 0.70 W/C respectively, and the impregnated samples 
will carry the letter S or M beside the notation to indicate imp- 
regnation with polystyrene or polymethyl methacrylate respectively 

The porosity (€) as well as the residual porosity (€..) for the 
impregnated samples were obtained from the water loss at” 110 ~C 
after water imbibition. 


RESULTS AND DISCUSSIONS 








A. Zero strength pornsity and strength at zero porosity:- 


In a semi-empirical model derived by Auskern (1), it was 
assumed that the strength of the composite is a function of the 
volume of cement paste and the final porosity of the sample, i.e. 
its residual porosity. According to this model the final strength 
of the composite is independent of the mechanical properties of 
the polymer. On the other hand, Bell et al. (8), in their work 
on polymer impregnated water saturated samples, have indicated 
that the polymer had a bigger effeect in reducing compressive 
strength than an equivalent volume fraction of pores. Our results 
indicate that the polymer effect is variable and depends on the 
pore size. 

In the present investigation the variation of compressive 
strength with porosity in the control samples (€) and with the 
residual porosity in the impregnated samples ( €.,.) has been 
studied for all samples investigated and typical” set of data 
are present in Figs 1 and 2 for BM samples and for the BS samp- 
les , respectively. 

Fig.1 shows that the curve which represents the variation 
of compressive strength with porosity (€) for the control 
samples, runs almost parallel to curve 1 which represents the 
variation of compressive strength with residual porosity (€_) 
for the same samples after impregnation, This parallelism 
however,holds only for samples I, II, IiI and IV BM mixed with 
w/C ratios 0.25, 0.30, 0.40 and 0.50, while for samples V BM 
mixed with W/C ratio 0.7, curve 2 was obtained which obviously 
has a totally different trend than curve 1. At the highest w/C 
ratio polymer loading has a much decreased effect in reducing 
strength with porosity. 
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Using poly styrene instead of polymethyl methacrylate as an 
impregnant (Fig. 2), reproduces the same phenomenon except that 
curves 1 and 2 are not as perfectly parallel as they are in Fig.1, 
indicating that the polymer in this case (poly styrene), has some 
additional effect at all w/C ratios, but this effect is magnified 
at the highest W/C ratio used. In both figures , however, the near 
parallelism between the curves for the control samples and for the 
impregnated samples indicates that porosity is still a main factor 
affecting the strength. Curve 2 indicates also that the effect of 
polymer is variable in different size pores. 

The data could be correlated by using the semi-empirical 
relation derived by Schiller (9), namely 

i ME idinessenvsnwesrcns tt) 

Where © is the compressive strength, @€is the porosity of the 
hardened cement paste, €@. is the zero strength porosity, and D is 
a constant , which represents the slope of the straight line obt- 
ained by plottingo~ vsln€. Changes in this slope not only indicate 
changes in zero strength porosity, but also changes in the values 
of strength at zero porosity. This equation was used by Roy et al 
(10) and by Roy and Gouda (11,12) to correlate their data obtained 
on "hot" and other pressed samples. In this investigation results 
obtained indicate the following:- 


1. Impregnation with MMA for samples mixed with w/C ratios up to 

0.5 leads to reduction in the value of zero strength porosity, 
while for the samples mixed with W/C ratio 0.7 impregnation shows 
no reduction in this value. On the other hand , samples mixed with 
w/C ratios up to 0.5 shows a slight reduction in the value 
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eth at zero porosity below that of the unimpregnated 

) samples (430 MPa), while the sample mixed with W/C ratio 
upon impregnation a drastic reduction in the value of 
at zero porosity to reach 225 MPa. 


- Impregnation with S leads almost to the same effect as impreg- 
nation with MMA. Thus for samples of W/C ratios less than 0.5, 

there is a noticeable reduction in the value of the zero strength 
porosity upon impregnation , while above W/C ratio 0.5 there is 
no reduction in the same value. However for samples mixed with 
low W/C ratios the effect of impregnation on reducing the values 
of strength at zero porosity is more obvious than by using MMA 
and the strength at zero porosity for low w/C ratios samples 
impregnated with S was reduced from 430 MPa to become 300 MB, 
while for the leaner samplemixed with w/C Yatio 0.7, the valtte is 
further reduced to 210 MR. 


These results indicate that impregnation of the low-porosity 
samples leads to a measurable reduction in the zero strength 
porosity but to a slight reduction in the strength at zero poro- 
sity. Un the other hand impregnation of higher porosity samples 
leads to no change in the zero strength porosity but to measurable 
reduction in the strength at zero porosity. 


B. Relative compressive strength-residual porosity :- 

The results presented in the previous section show that polymer 
impregnation leads to variable effects in low porosity and in high 
porosity samples. These results also show that residual porosity 








is still a main factor influencing the strength of the impregnated 
pastes. It would be of interest therefore, to present plots of 
relative compressive strength vs residual porosity, to show the 
influence of porosity (space) in affecting the compressive strength 
of the composite obtained by impregnation. These plots are shown 
in Figs. 3 and 4 for samples impregnated with PMMA and PS respect- 
ively. Relative compressive strength denotes the compressive 
strengthvf the impregnated samples.to the control samples prepared 
under identical conditions. The results show that the relative 
compressive strength values increase as the residual porosities 
increase . his improvement in strength is the more pronounced the 
lower the w/C ratio of the sample, and impregnation with PMA has 
a bigger effect on improving compressive cttrength than ¥S, Howevex 
this improvement of compressive strength with residual porosity 
continues only up to a certain critical value of residual porosity 
then a retrogression in the relative strength values is noticed 

to take place giving a pronounced maximum in the relative 
compressive strength-residual porosity relationship. This behav- 
lour is more obvious for the leaner samples. This trend is most 
probably related to the state of the polymer inside pores, and 
that the gain in strength with porosity (the ascending branch in 
the relationship) is due to polymerization into higher molecular 
weight polymer, a mechanism which is sterically assisted (5), 
while beyond a certain value of porosity the predominance of wide 
pores and voids , incompletely filled by the polymer, causes such 
retrogression. The distribution of the polymer along the pore and 
void surfaces will be a subject of a forth comming publication(6), 


C. Relative compressive strength-Gel/space ratio:- 
In comparing the change in relative strength, not asa 
function of the porosity (space) available , but as a function 
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FIG.5 


Variation of relative compres- Variation of relative comres-— 
sive strength with the Gel/space sive strength with the Gel/space 
ratio for the BM samples. ratio for the BS samples. 


of the solid to space available, known as the 

the relations shown in Figs. 5 and 6 were obtained 

Figures 5 and 6 are self-explanatory and they show in a clear way 
that the enhancement of compressive strength due to polymer impr- 
egnation is strongly operating at an optimum range of gel/space 
ratio, and that this range is the wider the lower the W/C ratio. 
Below this optimum range there is an ascending branch along which 
the voids and wide pores become filled with hydration products and 
the pore size is reduced, and beyond this optimum range , there is 
a descending branch alcng which the pore size is further reduced 
due to the accumulation of more hydration products. 

There is obviously a certain range of optimum pore size along 
which polymer impregnation becomes benificial for improving compr- 
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essive strength. The state of the polymer inside pores is obviously 
different from that in bulk (5). 


Conclusions 





In polymer-impregnated hardened cement pastes, the polymer 
effect on compressive strength is variable and depends on the 
pore size. 

Impregnation of low=-porosity samples leads to a measurable 
reduction in the zero strength porosity but to a slight 
reduction in the strength of zero porosity. 

Impregnation of high-porosity samples leads to almost no change 
in the zero strength porosity but to measurable reduction in 
the strength at zero porosity. 

The enhancement of compressive strength due to polymer 
impregnation is strongly operating at an optimum range of pore 
size. The state of the polymer in this pore size range is 
expected to be the most favorable for improving the strength 
and is expected to be different from that in bulk polymeri- 


Zation. 





References 
A,Auskern,"A model for the Strength of Cement-polymer Systems" 


Brookhaven National Laboratory, Upton, i.Y., 

A. tunoz-Escalona and C.Ramos, Cement and Concrete Res. 6, 
273 (1976) 

J.T. Dikeon et al "Concrete-Polymer Materials" Fourth Topical 


ver 


O 
Report, MML 50328 and USER rec-Erce= 72-10, Jand. 1972. 


A. Rio and S. Biagini, "Recent Progress in the field of Polymer 
Impregnated Concretes", Proceedings of the First International 
Congress on Polymer Concretes" . The concrete society, 
UK, sie it be De 1s 
Sh. Mikhail, A.M. Mousa, S.A. Abo=-El-Enein, M.S. Marie, 
ment and Concrete Res., Accepted for publication. 
Mikheil et al to be published; M.S. Marie, Ph.D. Thesis, 
hams University, 1982. 

Mikheil, S.A. Abo-El-Enein, A.M. Mousa and M.S. Marie 
Preprints, "Polymers in Concrete" Third International Congress 
on Polymers in Concrete, Koriyama, Japan, May 1981, Vol II 
p. 729 
R.L. Bell and R.G. Dingley, Proceedings of the first Interna- 
tional Congress on Polymer Concreties, p. 162-167 1975. 








(9) K.K. Schiller, Cement and Concrete Res., 1, 419 1971. 
Cement and Concrete Res., 


(10) D.M. Roy, G.R. Gouda and A. kobrowsky, 
2, 349 1972. 

(11) D.M. Roy and G.R. Gouda, Proc. 6 th, Int. Cong. Chem. Cement, 
Moscow, Vol. II, Book I, 310 ~~ 1971. 

(12)D.M.Roy and G.R. Gouda, J.Amer. Ceram. Soc. 56, 549 1973s 





CEMENT and CONCRETE RESEARCH. Vol. 14, pp. 31-42, 1984. Printed in the USA. 
0008-8846/84 $3.00 + 00. Copyright (c) 1984 Pergamon Press, Ltd. 


FRACTURE OF GLASS FIBER REINFORCED CEMENT 


A. Bentur’”) and S. Diamond 
School of Civil Engineering, Purdue University 
West Lafayette, IN 47907 


(Communicated by A.J. Majumdar) 
(Received May 23, 1983) 


ABSTRACT 
Fracture patterns produced when a crack advancing from a notch 


in cement paste intersected a Cem FIL-2 glass fiber strand 
placed perpendicular to it were studied. The specimens were 
smal] notched compact tension specimens that could be wedge 
loaded in the scanning electron microscope chamber using a wet 
cell. Four distinct cracking patterns were identified. In most 
cases the fiber caused a shift in the crack path and in some 
Specimens, microcracking and separation of the crack into 2 to 

4 branches were observed. The filaments maintained their conti- 
nuity and bridged over the crack. Similar tests with E-glass 
fibers after accelerated curing revealed brittle behavior in 
which the crack path was straight and many filaments were broken. 


Introduction 





The incorporation of fibers in hydrated portland cement paste produces 
a composite of tensile strength and ductility significantly greater than 
that of a hardened cement paste (hcp) matrix. 


Present understanding and modelling of the properties of these com- 
posites is not in an entirely satisfactory state. It is clear from the 
original investigations of Romauldi et al (1,2) that the fibers act as 
crack arrestors, and that shear stresses developed at the fiber-hcp inter- 
faces tend to close the cracks in the vicinity of the fiber; hence the im- 
portance of fiber spacing as a fundamental parameter. Some investigators 
(3,4) have not found the expected inverse proportionality between first- 
crack stress and fiber spacing; others (5,6) have proposed alternative 
methods of calculation for the spacing factor. In one such proposal (6) the 
interfacial bond stress is used in addition to geometric parameters to 
calculate an "effective" spacing factor. 

A fairly comprehensive model by Aveston et al (7-9) is based on an 


assumed multiple cracking process in which the matrix is viewed as being 
subdivided by multiple cracking into a series of blocks; the quantitative 
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predictions of the model depend very much on the specifics of the fiber-hcp 
interaction assumed. Aveston et al assumed frictional stress transfer at a 
constant shear stress; Laws et al (10,11) subsequently extended the treat- 
ment to non-uniform interfacial shear stresses. Initial elastic stress 
transfer is assumed but allowance for frictional stress transfer after bond 
failure is also provided; such failure is expected in the highly-stressed 
zone around the fiber at the location of crack intersection with it. 


These models provide some basis for interpreting the significance of 
pull-out tests of individual fibers (12-16), and emphasize the importance 
of the microstructure of the interfacial hcp region surrounding the fibers 
(16-20). Ina recent review (21) the complexity of the actual bond and the 
need to consider the simultaneous contributions of elastic and frictional 
bonds was stressed. 


The role of the interface is of special importance in glass-reinforced 
cement (GRC) products, where significant changes occur on weathering or water 
curing (18-20). There is a progressive secondary deposition of hydration 
products, mainly CH* between individual filaments in the strands of the 
glass fibers, at least partly reducing the ductility of the composite, and 
degradational changes in the surface of the glass fibers themselves may 
contribute to weakening. Both effects may influence the properties of the 
composites and result in significant loss of ductility and some loss of 
strength. The mechanics of such changes have been discussed by Stucke and 
Majumdar (18) in terms of loss of compliance at the interface as compared to 
air-cured GRC, where energy can be absorbed at the interfacial zones by 
subsidiary cracking and pull-out. Such changes have been incorporated in 
a fracture mechanics treatment of GRC by Nair (22). 


Fracture mechanics has been applied to fiber-reinforced cement composites 
(5,23). This area has recently been reviewed by Mindess (24), who emphasized 
that linear elastic fracture mechanics parameters for hcp are not very sensi- 
tive to the incorporation of fibers, and therefore do not provide a useful 
means for characterizing such systems. 


The analytical approaches so far discussed, e.g. crack arrest, multiple 
fracture, and G. calculation (on the basis of energy required for stripping 
and debonding the fibers) have assumed the existence of straight finite crack 
growth. Optical microscopic studies such as those of Swamy (25) and Chan and 
Patterson (26) of the cracks produced in slow crack growth ahead of a notch, 
indicated the development of a complex crack pattern of fine branching 
cracks, with discontinuities near the fibers and some crushing of material 
inside large cracks. It is obvious that the assumption of straight, finite 
crack growth is a gross oversimplification. The real cracking behavior 
undoubtedly reflects microstructural variations in different systems, as 
well as differences in loading patterns and rates. 


The foregoing emphasizes the need for detailed microstructural investi- 
gation of the processes occurring during fracture of fiber reinforced cement 
composites. 


Recently a system was developed by Mindess and Diamond (27-30) for study- 
ing the details of crack propagation using a wedge-loaded specimen with the 
loading carried out within a scanning electron microscope (SEM). The speci- 
men could be studied without prior evacuation and coating in a wet environ- 
ment within the SEM chamber (30). In the present work this system was 





* Cement chemistry notation is used: C = CaO; S = Si09; A = Alo03; F = Feo03; 
H = Ho0 
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applied ty the study of fracture patterns produced when a crack advancing 
from a nctch intersects a glass fiber strand placed perpendicular to it, 
with the primary aim of classifying, documenting, and understanding the 
various effects produced. 


The systems studied were primarily hcp incorporating strands of alkali 
resistant (AR) glass fibers cured in water for up to 14 days. Some prelimin- 
ary work is also reported on pastes incorporating E-glass fiber strands sub- 
jected to accelerated deterioration conditions (90°C in water for 11 hours) 
prior to testing. 


Experimenta] 





Loading Arrangement 





The experimental arrangement described by Mindess and Diamond (27) was 
used in the present study. This employs a small notched compact tension 
specimen, as shown in Fig. 1, which is wedge-loaded within the chamber of 
the ISI Super III-A SEM. 


In the present work a modified 
loading scheme was developed to take 
into account that only the interaction 
of the propagating crack with a fiber 
at the upper surface of the specimen 
can be observed. A plane stress load- 
ing condition on a very thin specimen 
only slightly thicker than the glass 
fiber strand would be ideal, but such 
a specimen would be extremely difficult 
to cast and manipulate. The more pract- 
ical alternative chosen here was to 
apply the wedge load only at the exposed 
face of the specimen, where the glass 

STRANDS fiber strand is prepositioned. Two 
glass fiber strands, each composed of 
208 filaments, were placed one above 
the other, as shown in Fig. 1. The 
tensile field is greatest at the top of 
a ; , the specimen and diminishes with depth. 
is ele of specimen and loading While this arrangement is by no means 

d : ideal it has been shown in preliminary 
testing to be effective, reproducible, and well suited to the qualitative 
study contemplated. 


Specimen Condition and SEM Observation 





The SEM observations were made using the wet environmental cell and the 
Robinson detector system described by Diamond et al (30). The pressure in 
the cell was maintained at 0.4 torr, with the air pumped into the cell being 
passed through two successive bubblers. This permitted testing of uncoated 
specimens that were in the saturated surface dry (SSD) condition; the elimi- 
nation of the necessity for -drying of specimens is of prime importance in 
hcp systems that may shrink and develcp microcracks due to loss of water. 


Use of the wet cell with air-dry (AD) uncoated specimens was found to 
improve resolution considerably. This was of particular importance in ob- 
servation of the microstructural details present in the hcp interfacial 
zones around the fine (10 um) glass filaments. Therefore the tests included 
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observations of companion SSD and AD specimens that were cured in water for 
similar time periods. 


Specimen Preparation and Curing 





The portland cement used was ASTM Type I cement of 3300 Blaine fineness. 
Its chemical composition is as follows: Si02 - 21.5%; Al203 - 5.4%; 

Feo03 - 2.3%; CaO - 55.2%; MgO - 1.22%; S03 - 2.97%; Ko0 - 0.78%, 
Nag0 - 0.10%; L.O.I. - 0.80%. 

Pastes were prepared at water:cement ratio 0.35 by a special mixina 
procedure involving shaking in an evacuated container after removal of dis- 
solved air from the water; this procedure minimizes air bubble incorporation. 
In all cases the specimens were cast in molds of the dimensions given in 
Fig. 1, with 13 mm long and about 0.6 mm wide notches being cast into the 
specimens. 


As previously indicated, most of the work was done on paste specimens 
incorporating AR glass fiber strands. These were Cem-FIL 2 fibers (Pilking- 
ton Bros., Ltd) arranged in strands. The compact tension paste specimens 
incorporated two prepositioned strands placed at about 0.2 mm above the 
bottom of the mold, with the paste being cast around and above it. Compaction 
was then secured on a vibrating table. The specimens were then cured for ] 
day in a closed chamber positioned over a free water surface, demolded, and 
cured subsequently in saturated limewater. 


Four specific curing regimes were followed. SSD specimens were cured 
in limewater for 3 or for 13 days after demolding and tested on the 4th or 
14th day. Specimens designed for AD testing were cured in water for the 
Same periods followed by air drying for 1 day in laboratory air. A total of 
25 specimens of these different types were tested. 


A day before the end of the water curing period the specimens were 
briefly removed from the limewater container and the lower surface of each 
(where the glass fiber strands had been prepositioned) was wet ground with 
No. 240 grit until the filaments were exposed. Further brief polishing was 
accomplished with No. 600 and then No. 1200 grit, and the samples were washed 
and returned to the curing chamber. 


In addition to the Cem-FIL 2 specimens, several specimens were prepared 
using E-glass fiber strands obtained from PPG Industries. These specimens 
were prepared in the same way except for the curing regime. After demolding, 
these specimens were cured for 3 days in limewater and then immersed in water 
maintained at 90°C for either 3 hours or for 11 hours. They were subsequently 
cooled to room temperature in water, polished as described previously, and 
air dried for 1 day. 


Results 


Hardened Cement Paste Incorporating Cem-FIL 2 Glass Fiber Strands 





Observations Prior to Loading 





The typical appearance of the filaments on the ground and polished 
surface of specimens with two strands of Cem-FIL 2 fibers prior to loading 
is shown in Fig. 2a. The spacing between most of the filaments was about 
3 um or less, too small to admit most cement grains, and comparatively little 
material was found between individual filaments. The surfaces of the fila- 
ments tended to be clean, except for occasional particles such as that shown 
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FIG. 2 


The surface (before loading) of an air dry specimen, cured for 3 days in 
water. (a) Zone with no shrinkage crack. (b), (c), Perpendicular shrinkage 
crack. (d) Parallel shrinkage crack. 


in Fig. 2b. It was not possible to tell from such micrographs whether these 
are hydration products or grit particles that were not washed off in speci- 
men preparation. These characteristics are similar to those reported by 
Stucke and Majumdar (18) and Cohen and Diamond (20) for fibers embedded in 
cement matrix that was hydrated for short time periods of several weeks. 


Narrow shrinkage cracks were observed on the surface of about half 
the specimens prepared for fracture testing, especially those that were air 
dried after only 4 days of curing (Fig. 2b &c). Such cracks were observed 
in 5 of 6 specimens air dried after 4 days; in 5 of 8 specimens air dried 
after 14 days; in 2 of 4 specimens examined SSD after 4 days; and in only 
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1 of 7 specimens examined SSD after 14 days. The width of these cracks was 
typically less than 3 um, and most of them were perpendicular to long axis of 
the filament, and disappeared a few tenths of a millimeter away from it. 
Typically about 4 such cracks occurred in a specimen. Sometimes local de- 
bonding could be observed in the vicinity of the cracks, the separation 
taking place not at the filament-hcp interface but slightly away from it, 

as seen in Fig. 2c. In no case was adhesive debonding observed at the fila- 
ment-hcp interface itself, and there was a!ways contact between matrix parti- 
cles and the outer filaments in the strands. The appearance of a typical 
interface on the polished surface is shown in Fig 2a; no apparent defects 

can be seen. 


The perpendicular shrinkage cracks may be the result of restraint 
exercised in the axial direction by the filaments, which would generate 
tensile stresses in the nearby hcp tending to shrink in this direction; such 
tensile stresses could produce the local tensile failures observed. 


Shrinkage cracks parallel to the axis of the filaments were found only 
in 2 of the many specimens observed; one of them is illustrated in Fig. 2d. 
Also evident in Fig. 2d is the fact that in this specimen, the polishing 
process was taken far enough so that some of the filaments on the surface 
were cut through. Such filament damage was restricted to the surface filament 
or filaments only, and the underlying filaments, in the 208-filament strand 
should have remained intact. 


Loading Cracks 





The crack produced by the wedge-loading arrangement, and specifically 
the effects on it produced by the presence of the glass filaments constitute 


the basic focus of this study. 


A typical load-time plot as obtained in these trials is shown in Fig. 3. 
The load rapidly builds up to an initial peak, whose value ranges from about 
20 to 30 N. Coincident with the attainment of the peak load the crack appears 
and propagates rapidly past the glass fiber strand. The advance of the wedge 
is stopped for observation (stage 1) then resumed, halted again for obser- 
vation (stage 2) and resumed until the maximum possible movement of the wedge 
has been accomplished (stage 3). The crack depth at the first stage of 
loading was much greater than that of the filaments in the strand placed 
below the surface. By the third stage of loading the crack depth reached the 
bottom of the specimen. 


The crack path observed after the first loading stage was initiated at 
the tip of the notch, traversed toward the glass fiber strand in its path, 
deviated and shifted on intersecting the glass fiber strand, and then con- 
tinued to run to the edge of the snecimen. None of the filaments were broken 
in this process. The additional movement of the wedge in stages 2 and 3 
resulted in widening of the cracks, but the filaments maintained their 
continuity and mechanically bridged the underlying cracks. 


The nature of the crack that propagated from the notch was similar to 
that described by Diamond and Mindess (28). On a macroscale it seemed to 
run straight, but at higher levels of magnification, a zig zag pattern could 
be observed. When it approached the glass fiber strand its width was in the 
range of 10 to 25 um. 

The interaction of the crack with the glass fiber strand often changed 


its propagation path, causing it to shift from its original course. In some 
cases microcracks could be observed around the crack-glass fiber strand 
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intersection zone. The cracking 
modes in the vicinity of the fiber 
were variable, and four different 
patterns were recognized. They were 
labeled as Types I, II, III and IV, 
and are shown schematically in Fig. 
4. Out of 25 specimens tested the 
number of each cracking pattern 
i** STAGE were 1, 5, 16 and 3 for Types I, II, 
, III and IV respectively. Although 
2” STAGE the number of tests is too small 
3" STAGE for reliable statistical analysis 
these numbers indicate that Type III 
tends to be most common, while Type 
I is probably rare. The numbers do 
not show a clear cut trend with age, 
TIME, MINS. moisture content or presence of 
shrinkage cracks prior to loading. 
FIG. 3 Type III fracture, for example, was 
observed with all types of specimens. 
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Typical load-time curve. 
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FIG. 4 


The four cracking patterns observed at the Type I cracking pattern observed 
intersection of the propagating crack and after the Ist loading stage of AD 
the glass fiber strand. specimen cured for 13 days in water. 











Type I Cracking: 


A Type I crack is shown in Fig 5. The direction of crack propagation in 
all the micrographs is from the bottom upward. The crack path was hardly af- 
fected by the presence of the glass fiber strand. Only a slight change in the 
orientation could be observed. The bridging effect of the fiber is clearly 


seen here. 


Although there is an apparent discontinuity in the observed crack, it 
should be appreciated that only the upper specimen surface is observed, and it 
is likely that below it continuity is maintained. It is interesting to note 
that no significant fiber-cement debonding could be observed, debonding oc- 
curring only at a local region to the right of the approaching crack. This 
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is typical of all the other fracture modes, and will be 
described in more detail subsequently. 


Type II Cracking 


In the Type II cracking pattern the path beyond the 
glass fiber strand seemed to be a straight continuation 
of the crack course before it, but discontinuities and 
microcracks were observed at the zone of intersection 
with the glass fiber strand. Typical micrographs are 
Shown in Fig 6a, b, &c. 
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Type II cracking pattern observed in AD specimen cured for 13 days in water. 
(a), (b), 1st loading stage, (c) 3rd stage of loading, (d) Intersection of the 
crack propagating from the notch with the glass fiber strand, Ist loading stage, 
(e) Debonding at the intersection of the crack propagating from the notch with 
the outer filament in the strand. 
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In examining the region of intersection of the crack with the glass fiber 
strand, no debonding beyond the first fiber is detected (Fig. 6d), but in 
front of it some local glass filament-cement separation, to the left of the 
crack, is observed (Fig. 6d & e). This is indicative of local adhesive fail- 
ure. The separation is complete, without any contact between the matrix 
particles and the outer filaments; such as is typical for the specimens before 
cracking (Fig. 2a). It should be emphasized that this region is limited: 

To the right of the crack, or at a distance of more than about 0.5 mm to the 
left of it, the interface is unaffected and looks like that of unloaded 
specimens (Fig. 2a). This is characteristic in all of the cracking patterns. 


The microcracks beyond the glass fiber strand (Fig. 6b) are seen to 
converge into one main crack that propagates further. 


Loading to the 3rd stage resulted in widening of the cracks (Fig. 6c), 
including the smaller microcracks, but no significant debonding beyond that 
present in the Ist stage was usually observed. This is typical also for the 
other cracking patterns, and in most cases the width of the main cracks near 
the glass fiber strand was 70 to 150 um in the 3rd loading stage. Neverthe- 
less, in all cases the fibers maintained their continuity, and were able to 
bridge over the crack. 


Type III Cracking: 


Typical Type III cracking patterns are shown in Fig. 7. The crack run- 
ning beyond the glass fiber strand was approximately parallel to the crack 
path approaching the fiber, but shifted by 0.5 to 2 mm. In the specimen in 
Fig. 7, the cracks passed through impressions of filaments that were removed 


accidentally from the matrix surface during polishing. On the surface there 
does not seem to be a continuity 
between the two branches. Some de- 
bonding could be observed at the 
intersection of the crack and the 
outer filaments, but it seemed to be 
limited to the zone near the crack, 
and it did not extend beyond the 
region between the points of inter- 
section of the two crack branches 
and the glass fiber strand. The 
nature of the debonding was similar 
to that discussed in the previous 
section. 


Type IV Cracking: 


In this case, too, the presence 
of the glass fiber strand caused a 
discontinuity in the observed crack. 
FIG. 7 Here, however, the extension of the 
Type III cracking observed in SSD ala ageh ng pe ibe ond ges 
a for 13 days in water, crack but rather as 2 to 4 cracks 
sinaiiadiaiieiitaia with generally parallel orientation 


(Fig. 8a & b). The width of each of these cracks was smaller than that of the 
crack between the notch and the glass fiber strand. Debonding around the 

outer filaments of the strand was similar to that discussed previously. Again, 
loading to the 3rd stage resulted in widening of all the cracks. Most of the 
cracks beyond the glass fiber strand propagated to the edge of the specimen, 
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but one of them was usually significantly wider than the others. 


~-" : 
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Type IV cracking pattern observed in AD specimen cured for 3 days in water. 
(a) Ist loading stage, (b) 3rd loading stage, (c) Ist loading stage showing 
filaments bridging the crack, (d) The same field as (c) but at the 3rd 
loading stage. 


Observations could sometimes be made of filaments beneath the exposed 
specimen surface, which were revealed during the opening of the crack. 
Typical micrographs showing such filaments are presented in Figs. 8c & d. 
They indicate that the filaments are pulled out as the crack is widened, but 
that they maintain their continuity and continue to bridge over the crack. 
It is interesting to note the "clean" surfaces of the filaments, which show 
hardly any hydration products bonded to them. The walls of the crack sur- 
rounding the fiber seems to remain intact and there is no sign of crumbling 
or any other damage to the matrix which makes up the crack wall. 


Cement Reinforced With E Glass Fiber Strands. 





Treatment in 90°C water for three hours did not result in any appreci- 
able change in the cracking pattern. The two specimens tested showed a type 
III fracture. However, after 11 hours in hot water indications of brittle 
fracture could clearly be observed. The crack was not deviated or shifted 
by the glass fiber strand (Fig. 9a) and in its propagation it broke many of 
the filaments (Figs. 9b). These characteristics were observed in both of 
the specimens that were tested. 





4] 
GLASS FIBER, REINFORCEMENT, FRACTURE, CEMENT PASTES, SEM 


Brittle fracture in AD E-glass GRC cured for 3 days in water and then aged 
at 90°C in water for 1] hours, (a) General appearance of the fracture at 
the 3rd loading stage, (b) Lower field of (a) at higher magnification. 


Conclusions 


The observations presented in this paper indicate that the effect of 
the glass fiber strand:is usually to block the path of the crack and cause 
it to shift laterally about 0.5 to 2.5 mm. Sometimes two or more cracks are 
obtained beyond the glass fiber strand and these also are shifted laterally. 
No apparent continuity is observed between the different crack branches. 
These observations are similar in nature to those reported by Swamy (25) and 
Patterson and Chan (26), and indicate that models which assume the propagation 
of a single straight crack, and bridging by fibers which are being pulled 
out, are oversimplified. The energy dissipated in the shifting and branching 
of the crack may contribute significantly to the toughness of the composite, 
and this must be taken into account. 


The pull-out process is more complex than the process usually modelled 
and tested in a simple pull-out test arrangement. The present observations 
indicate that there is a region of debonding which extends between the branches 
of the passing crack. The debonding observed is not symmetrical with respect 
to the glass fiber strand axis, and usually only one side of the glass fiber 
strand-cement interface is debonded. Such asymmetry may indicate that there 
is some bending of the glass fiber strand occurring in addition to pull-out. 
Stucke and Majumdar (18) considered such bending in the discussion of the 
embrittlement of GRC. 


The fact that the interface beyond the cracking zone remains intact 
even after the cracks are opened to a width of 100 um or more, suggests that 
frictional bond can develop in these regions, as predicted by many models. 
The "clean" surfaces of glass filaments that have been pulled out indicates 
adhesive failure, and suggests that the chemical bonding was not effective. 
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The nature of brittle fracture in this type of test was demonstrated 
for E glass reinforced cement which was exposed to accelerated deterioration 
conditions. Here the crack course is not shifted, and many of the filaments 
break during crack propagation. 
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ABSTRACT 
The chemical compositions of two 5 year-old OPC pastes with w/c 
0.3 and 0.6 have been investigated by Analytical Electron 
Microscopy and Electron Probe Microanalysis. Comparison of the 
distributions of Ca/Si ratios of C-S-H obtained by the two methods 
gave good agreement, although Microprobe analyses of bulk samples 
may contain contributions from regions other than C-S-H. 


Introduction 





Two types of electron probe instrument are commonly used in the 
quantitative chemical analysis of cement hydrates. Both rely on the 
analysis of the characteristic x-rays produced when the samples are 
bombarded with electrons of moderate energy (5-100 keV), but differ in the 
samples used. In electron probe microanalysis (EPMA) methods (which here 
include both electron microprobes and scanning electron microscopes with 
x-ray analysers), bulk samples are used, and there is no transmission of 
the probe through the specimen. In analytical electron microscopy (AEM), a 
very high proportion of the probe is transmitted through thin or partic- 
ulate samples, and a normal transmission image is obtained. [In both 
methods wavelength and energy-dispersive spectrometers, or a combination 
of the two can be used. They are very well described by S J B Reed(1). 


The volumes occupied by the phases present in set cements can be less than 
the minimum volume analysed by electron probe instruments, so that the 
results obtained will depend on the ratio of the volume of the specified 
phase to that of the analysed volume. Procedures to minimise the effects 
of beam spreading in EPMA's have been described(2,3). The volume analysed 
by AEM is very much smaller than by EPMA. Nevertheless, the present 
results, obtained from pastes of two w/c ratios by AEM and EPMA, showed 


marked similarities. 
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Experimental 





A Kratos Cora AEM with a Link Systems energy-dispersive x-ray analyser was 
used for the transmission analyses. The take-off angle from the specimen 
to the detector was 50°. No measurement of beam current was possible. 


The EPMA used was a Cambridge Instrument Company Microscan 9, which has 
two computer-controlled wavelength-dispersive spectrometers with a 
take-off angle of 75°. 


The main operating parameters of the instruments are given in Table l. 


The cement used has been described previously(4). Specimens were prepared 
for the EPMA by vacuum potting 20 mm dia. x 8 mm right prisms of the 
pastes in Araldite. These were then coarse ground on carborundum stone and 
polished on diamond laps to 0.25 um, mineral oil was used as the lubricant. 
A coating of 20 nm of carbon (measured with an oscillating crystal 

balance) was applied to ensure electrical conductivity. All samples were 
vacuum-stored during and after preparation. 


The following pairs of elements were analysed in the order given; S and 

Mg, Ca and Al and Fe and Si. Elemental compositions in terms of wt % were 
corrected for inter-element effects using methods by Sweatman and Long(5), 
and Heinrich(6), and then recalculated to give compositions relative to 10 


oxygen atoms(7). 


Since the specimen preparation is essentially non-destructive, analyses 
can be referred to the morphology. Fig 1 is a typical view of the 0.3 w/c 
paste, showing clearly visible unhydrated clinker grains. Fig 2 shows a 


clinker grain surrounded by C-S-H. There are two distinct hydrate 
regions, an inner surrounding the clinker and an outer surrounding the 
inner(4,8). These two regions were analysed separately. 


Specimens for the AEM were prepared from the same batch of cylinders as 
were used for the EPMA. Coarse fragments were drilled from the centres of 
the cylinders. These were ground under iso-propyl alcohol in an agate 
mortar. The resulting slurry was then dispersed ultra-sonically in excess 
iso-propyl alcohol. The specimen was sampled by touching the surface of 
the suspension with a copper grid bearing a carbon film. The sample was 
analysed as soon as the grid had dried. On removal from the microscope, 
the sample was discarded(9). The morphological relationship between the 


TABLE 1 


Analysis Parameters 





Parameter 





Accelerating voltage 
Probe current 
Count rate for Ca Ka Max 
Min 
Count rate for Si Ka Max 
Min 
Counting time per element 10 or 15 sec 
| Total counting time sec 70 or 100 sec* 


b 











* For 'CSH' material over 7-11 channels. 
wm ie elements, allowing for spectrometer settling. 
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5 yr 0.3 w/c paste, 30 um between 5 yr 0.6 w/c paste, 1 - unhydrated, 
blocks, EPMA micrograph 2 - inner hydrate, 3 - outer hydrate. 


various phases is destroyed, so inner and outer hydrates cannot be 
distinguished. 


Only particles which were shown by the absence of electron diffraction 
patterns to be amorphous were analysed. X-rays with energies up to 20 keV 
were collected and atomic ratios were obtained from peak areas by the 
Cliff-Lorimer technique(10). The probe diameter and shape could be 
adjusted to cover particular particles or regions of larger particles. 
Typically, circular beams with diameters of about 0.12 um, and elliptical 
ones approximately 0.3 x 0.12 um were used. 


Physical Differences 





The major difference between these two instruments that can affect the 
analytical results is the volume in which x-rays are generated. In the 
EPMA those electrons not back-scattered from the target are absorbed 
within it, and diffuse away from the impact area. This results in the 
production of x-rays from an area with a greater diameter than the 
original probe. Estimates of beam spread have been made(3). At 10 kV 

a spread of 0.65 um and a penetration of 1.7 um for a density of 

2100 kg m-? are likely in a C-S-H -type material. With a probe diameter 
of 0.35 um the estimated effective volume of x-ray production is a 
_teardrop shape of = 0.8 um? , 

The situation is different in the AEM. In order to meet the thin film 
criterion, the material analysed is very much thinner than the depth of 
complete diffusion(11), and the bulk of the electrons are deflected only a 
few degrees before leaving the specimen. Thus, the volume of x-ray 
production is approximately that of a prism of cross-sectional area equal 
to that of the beam, and length equal to the thickness of the specimen. 
With a typical specimen thickness of 100 nm and an elliptical spot 0.3 x 
0.12 um, the volume of x-ray production is 2.5 x 107-3 m3. Therefore, the 
analysed volumes are at least two orders of magnitude greater in the EPMA 


than in the AEM. 
Results 


As this paper is intended to compare the AEM and EPMA, the main emphasis 
will be placed on Ca/Si ratios, although the Al, Mg, S and Fe results from 
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the EPMA will also be considered. The results for these cements from 
earlier EPMA analyses have been published(7). 


(a) 0.6 w/c ‘paste 
Fig 3(a) shows the histogram of the Ca/Si ratios obtained with the AEM. 


The peak shape is reasonably normal, with a modal Ca/Si value of 1.75. 
The results from the inner hydrate analyses (Fig 3(b)) show a modal value 
at Ca/Si = 1.75, the same as for the AEM analyses. The modal value for 
the outer hydrate Fig 3(c) is higher, at Ca/Si = 2.05. This higher value 
may be attributed to a higher Al content and correspondingly lower Si 
content in the outer hydrate than in the inner. The Ca content of the 
inner hydrate is significantly greater than that of the outer. The 
compositions are Ca = 2.60 + 0.08, Si = 1.49 + 0.06 and Al = 0.20 + 0.06, 
93 results; and Ca = 2.46 + 0.06, Si = 1.15 + 0.09 and Al = 0.33 + 0.08, 
47 results. These values are the means + 95% C.L, of the values within 
the mode + 0.3 of the Ca/(Si + Al) distribution. 


The histograms of the EPMA analyses of both the outer and inner hydrates 
have an extended distribution towards high Ca/Si values. This may be 
caused by three factors; the effect of probe overspill into regions of 
high Ca concentration such as clinker grains or CH; the presence of areas 
of low Si concentration, as detected in the outer hydrate; and the 
analysis of phases other than C-S-H. 


Compositions with high Ca/Si ratios were assigned to AFm, AFt or CH phases 
according to the criteria established by Lachowski et al.(9). In the 
outer hydrate (73 results), 2 analyses correspond to AFm, 2 to AFt and 7 
to CH. For the inner hydrate, 1 analysis corresponds to AFm and 6 to CH. 
In addition, 1 may be ascribed to C3S. 


Fig 3(b) also has a minor peak (8 results) with a centroid at Ca/Si = 
1.35. These compositions all had low Ca concentrations. A single result 


from the AEM analyses was found in this position. 


Two results from the AEM analyses lying between 2.1 and 2.3 occupy a 
position close to the EPMA outer hydrate peak. 


(b) 0.3 w/c paste 
The AEM analyses (Fig 4(a)) show a marked difference between this paste 


and the one with w/c 0.6. The distribution of results is much wider. The 
centroid of the major peak of the AEM analyses is at Ca/Si = 1.85. A peak 
at this position occurs in the EPMA outer hydrate analyses (Fig 4(c)). 

The inner hydrate EPMA results (Fig 4(b)) also shows a bimodal distribution 
with centroids at 1.75 and 1.95. Statistical analysis ('t' and 'F' tests) 
of the results in the centroids shows that the bimodularity is caused by a 
significant difference in Si content; no differences were found in the 
other elements. The ratio Ca/(Si + Al) gives a unimodal histogram. Since 
both these Ca/Si peaks fall within the AEM spread, the analyses in this 
region are considered to be equivalent. 


The compositions of the hydrates are: inner, Ca = 3.0 + 0.1, Si = 1.47 
0.09, Al = 0.20 + 0.08, 38 results; outer, Ca = 2.90 + 0.09, Si = 1.24 
0.07, Al = 0.34 + 0.09, 77 results. 


Of the non-C-S-H phases in the inner hydrate (58 results), 3 correspond to 
CH and 3 to C3S. In the outer hydrate (128 results), 3 correspond to CH, 
2 to C3S, 8 to AFm and 1 to AFt. 
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Number of results 
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(a) AEM 15 results (a) AEM 22 results 
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FIG 3 FIG 4 
5 yr, 0.6 w/c OPC Paste 5 yr, 0.3 w/c OPC Paste 


Discussion 


In the AEM analyses areas containing crystalline material were avoided. 
Therefore no crystalline CH with a volume greater than the minimum 
detection limit for electron diffraction (estimated at between 1 and 

5 x 1073 um?) was analysed. The modal value from the EPMA inner hydrate 
analyses exactly matched that from the AEM. Therefore at 10 kV, the 
majority of EPMA inner hydrate analyses contained the same small (if any) 
proportion of CH as the AEM analyses. 


The EPMA outer hydrate analyses showed a higher Ca/Si modal value than the 
inner or the AEM values for both pastes. These were caused by a reduced 
Si proportion, the Ca proportion being either less (0.6 w/c) or the same 
(0.3 w/c) as the inner hydrate value. In the AEM analyses only two results 
for each paste had this higher Ca/Si ratio. Although these results had 
some of the highest Al levels a high Al level did not necessarily give a 
low Si value. More AEM results are needed to give a clear picture of this 


high Ca/Si region. 


In the outer hydrate analyses the topography makes the recognition of the 
various phases difficult. This is mirrored in the extended Ca/Si distri- 
bution . There are proportionately more high Ca/Si ratios than in the 
inner hydrates. These results, selected on the basis of having (CatMg)/ 
(Sit+S+Al+Fe) values outside the major peak, and not belonging to AFm, AFt 
or CH phases, were distributed as follows; 0.6 w/c inner, 0%; outer, 15%; 
0.3 w/c inner 10%, outer, 19%. (The relatively large number of high 
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Ca-analyses in the 0.3 w/c inner hydrate does not necessarily mean that 
more Ca was present than in the 0.6 w/c inner hydrate. The zone of inner 
hydrate is narrow in the low w/c paste, and it is difficult to analyse 
exclusively within it.) Although less CH (1.5% of results) was found in the 
0.3 w/c paste than in the 0.6 w/c paste (9.5% of results), there were 
proportionately more high-Ca results in the lower w/c paste than in the 
higher. Two possibilities may account for this, either separately or 
together. As there is more unhydrated clinker in the 0.3 w/c paste, there 
is a greater chance of inadvertent analysis of C3S. Two C3S grains were 
analysed in this paste (1.5% of the analyses), whereas none were found in 
the other. Alternatively, the effect may have been caused by the presence 
of regions of microcrystalline CH, as seen by Groves(12). These regions 
are apparently not so widespread, at least at w/c ratios down to 0.3, that 
analyses of C-S-H only cannot be made. With higher accelerating voltages, 
however, the risk of analysing non-C-S-H regions will be greater. 


Conclusions 


In the case of the inner hydrate EPMA analyses and the AEM analyses an 
exact concurrence is obtained between the modal Ca/Si values. This is not 
the case where individual(13) or mean values(4,14) are compared. 


The outer hydrate EPMA analyses show a higher Ca/Si modal value due to a 
reduced Si proportion. No conclusive evidence has been found from the AEM 
analyses to support this picture of any compositional difference between 
inner and outer hydrate. 


In the EPMA results proportionately more high Ca/Si results are found in 


the 0.3 w/c paste than in the 0.6 w/c. These results are caused by the 
analysis of C-S-H intermixed with high Ca phases and may be evidence for an 
increasing amount of microcrystalline CH with decreasing w/c. 
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ABSTRACT Cement mortars, one-sidedly stressed by a sodium chlor- 
ide solution of 20 % for 140 days, show a marked area 
at a distance from the surface of nearly 30 mm. Its po- 
sition is reflected in concentration profiles of the 
water soluble and nitric acid soluble parts of chloride, 
sulphate, sodium, potassium,and aluminium, in the miner- 
al content as well as in the pore size distribution. 
This could serve as the starting point for deteriora- 
tions caused by cycles of freezing and thawing in con- 
nection with deicing salts, because destroying mechan- 
isms could easily attack here. 

Further studies must be carried out and the observation 
of stressed cement mortars and concretes has to be in- 
tensified to get a better insight into the principles 
and the mechanisms of such processes. 


Introduction 





Because of numerous damages to structural materials contain- 
ing portland cement which are caused by deicing salts it is be- 
coming necessary to clarify the reaction mechanisms happening 
there. Opinions about the attack of solutions of deicing salts 
on concrete vary greatly. There are two main points of view. One 
of them is concerned with the damages to the reinforcement caused 
by chlorides whereby only the portion of the latter present at 
the depth where such steel is situated is of interest. Although 
steel in concrete is quite well protected against corrosion be- 
cause of the high pH-value of the pore solution an amount of 
only 0.035 % calcium chloride in a saturated solution of calcium 
hydroxide (pH-value > 12) is sufficient for the deterioration of 
the protecting layer (9). Also, the "magic" limit of 0.4 % chlor- 
Ce (related to the weight of the binding agent), experimental- 
ly found by Richartz (10), has to be mentioned, too, because be- 
low this value no further corrosion takes place. But other 
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authors (2, 7, 17) suppose that the agency of such solutions in 
the case of mortars stressed by cycles of freezing and thawing 
and the damages caused by these actions are only of a physical 
nature, because the free energy of NaCl on one hand and that of 
the contents of the mortar on the other are below chemical react- 
ion threshholds. One can generally say that the heat of fusion 
of the melting ice is responsible for the deterioration. It is 
withdrawn from the mortar beneath, produces a rapid cooling 
(temperature shock) which causes freezing of the pore solution 
in such areas where the chloride content is low and consequently 
the freezing point reduction is diminished (6). The fact that 
newly formed transformation products take part in the reactions 
between deicing salt and hydrated contents of the portland ce- 
ment , causing changes in the pore space there, has been left 
out of consideration till now. It is well known that, if chlor- 
ide penetrates into mortar, Ca(OH), is leached out (3, 12, 18) 
making the mortar porous and susceptible to subsequent actions 
of frost. The diffusion of Ca (OH) 5 out of the mortar is greater 
when using sodium chloride than magnesium sulphate, calcium 
chloride or distilled water. Besides this the formation of 
Friedel's salt 3 CaoO.Al 0,.Cacl -10 H.O is certain (10). Ac- 
cording to Ben Yair's (7) statement, Sodium chloride reacts 
with Ca(OH), forming CaCl. before the precipitation of this 
salt. Additionally the cation exerts an influence on the amount 
of chloride which can be bound chemically (14). If there are 
high concentrations of alkali in the mortar, as in the case of 
a stress by a NaCl solution, the conversion of ettringite into 
monosulphate is forced (4), involving changes in the structure. 
Just recently Stockhausen et al. (13) have suggested that in 
the pore space of hardened cement pastes different "modifica- 
tions" of water are present, showing the phase transformation 
of water into ice at different temperatures. Thereby the so- 
called bulk-water is found in pores having radii greater than 
100 nm which exists out of the range of surface forces. The wa- 
ter filling pores with radii greater than 10 nm is deposited 
there because of capillary condensation. The freezing point de- 
clines with decreasing pore diameters so that water freezes in 
coarse pores first. The research of Efes (5) also shows changes 
in the pore structure caused by chloride influence. According 
to him a 6 or 12 month exposition to a sodium chloride solution 
causes a decrease in the total and gel pore volume and an in- 
crease in the amount of capillary pores. In this paper only a 
small part of these complex processes resulting from the com- 
bined influence of frost and deicing salts is broached. Tests 
on cylindrical specimens consisting of portland cement mortar 
under one-sided stress from deicing salt solutions resulted in 
concentration profiles of chloride, sulphate, sodium, potassi- 
um, and aluminium. After the extraction of the pulverized parts 
of the cylinders with water, the resulting soluble contents 
should make statements about the distribution of hydration and 
reaction products possible. Thereby X-ray diffraction analyses 
serve to identify the mineral contents. Specific values of the 
pore size distribution are used as well. 
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Experimental 





In the tests a portland cement PZ 45 F was used, which po- 
tential composition according to Bogue (2) was as follows: 


TABLE 1 
Potential Composition of the Portland Cement 
mineral phase content in % 


(related to the mass 
of the cement) 





67.5 
8.0 
9.0 
73 


4.9 
alkali oxides vad 
230 


CaO + residue 











total content 100.0 





The aggregates of the mortar consisted of "Normsand", which is 
described in DIN 1164 (5). The water/cement ratio runs up to 
0.5, causing an open porosity of 15.7 %. Cylindrically formed 
cement mortar specimens with diameters of 65 mm and lengths of 
100 mm, which were sealed all around except on one of the front 
surfaces, were stressed by a sodium chloride solution of 20 % 
for 140 days. At intervals the solution was replaced. After- 
wards the specimens were cut in discs of 5 mm thickness perpen- 
dicular to their longitudinal direction and then dried at a 
temperature of 50 °C till mass constancy was reached. Then the 
material was pulverized and examined. 


Results 


Chloride, Sulphate, Sodium, Potassium, and Aluminium Distribution 





Figure 1 shows the concentration profiles of the water sol- 
uble amounts of chloride, sodium,and potassium. 


It can be seen that, when using the described kind and dura- 
tion of stress, a high chloride content is found near the surface 
(nearly 1.2 % related to the mass of the mortar, corresponding to 
5.4 % of the mass of the binding agent). At a distance from the 
surface of 30 mm the values fall below the Richartz's limit of 
0.4 %. At a greater depth there are not any alterations. The so- 
dium distribution corresponds with that of chloride. Especially 
near the surface the Na/Cl ratio is no longer that of the former 
NaCl solution. A chloride excess is nearly always present. Ata 
depth of 30 mm a concentration is reached which does not change 
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Concentration Profiles of the Water Soluble Amounts 
of Chloride, Sodium and Potassium 


any more. The potassium distribution runs nearly contrary to this. 
It shows, at the same depth, a maximum, where the aforementioned 
elements have reached constant values. The distributions of the 
water soluble and nitric acid soluble amounts of aluminium are 
shown in Figure 2. The run of curves has some typical character- 
istics. Thus the water soluble portion increases from 0 % to 
about 0.2 % and then decreases to the original value. Where there 
is a maximum, the total amount of aluminium is at the minimun. 
Thus a marked area also exists here, at the same depth as observed 
in the case of the other quoted elements. Iron is not present in 
the water soluble part. The concentration profile of the total 
amount of the binding agent shows no trend. The curve of the sul- 
phate content (expressed as SO.) is similar (Figure 3). The val- 
ues increase with rising distarice, having a broadened maximum, 
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Concentration Profile of the Water Soluble Amount of Sulphate 


Distribution of Mineral Phases 





In Table 2 the graduation of intensities of characteristic 
X-ray peaks of mineral phases, either newly formed or changed 
in their concentration, are plotted. 


TABLE 2 


Distribution of Mineral Phases of Cement Mortars after 


Stressing by a Solution of 20 % NaCl 





mineral phases distance from the surface (in mm) 


oe? 167178 = 27121 = 28126 - 35 





monosulphate- 
like phases 


Friedel's 
salt 


Ca (OH) , 
Nacl 
Cacl.* 4H.0 


Hydrogarnet (?) X X X 





























It seems that changes in the mineral content of this specimen take 
place only in the first 30 mm. Next to the surface small amounts 
of monosulphate-like phases are observed. Ettringite could not be 
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identified. According to (4) a high alkali concentration of the 
pore solution causes a forced transformation of ettringite into 
monosulphate. 

Friedel's salt 3 CaO.Al1.,0,.CaCl,.10 H.O is also found up toa 
depth from the surface of nearly 30 mf. Portlandite Ca(OH), shows 
extraction phenomena near the surface and does not change ifs con- 
centration at the same depth. Sodium chloride, crystallized out 

of the pore solution, is visible up to 20 mm from the surface. 
Calcium chloride is also found. Perhaps it is a result of the re- 
action of NaCl with Ca(OH).,, whereby the latter is formed before 
the crystallization of Friédel's salt. 

Hydrogarnet CAH - the stable phase of calcium aluminate hydrate - 
could not be ideRtified for definite. 

The described results are in accordance with thermogravimetric 


analyses. 


Pore Size Distribution 





To determine pore size parameters by means of the porosity- 
meter-test it was necessary to examine fragments from the same 
depth as the powdered material. The distribution curves give some 
criteria, for instance the median of the pore size distribution, 
the amount of pores with diameters smaller than 5 um (microporo- 
sity) and such with radii smaller than 30 nm (gel pore volume). 
The median - borrowed from the pore size parameters of Trask (15) 
- can serve as a reference point. It is interpreted as the pore 
radius at a pore volume of 50 %. Considering that in the case of 
freeze-thaw stress smaller pores cause a greater deterioration of 
stone than coarser ones, the microporosity, described by Honey- 
borne and Harris (8), is used, too. The pores showing radii 
smaller than 30 nm characterize the gel pore volume, insofar as 
it is included in the porosity-meter test. In Figure 4 the above 
described parameters are plotted versus the distance from the 
surface. Here one can see contrary curves in the case of micro- 
porosity and gel pore volume. The increase of the former is con- 
nected to a decrease of the latter. At a depth of 30 mm the micro- 
porosity shows a maximum (increase from 92 % to 96 % of the total 
pore volume), whereas the gel pores show a minimum (decrease from 
18 @ to 16 %). The curve of the median of the pore size distri- 
bution presents a marked area at the same place, characterized by 
a pore radius of about 80 nm. 


Discussion 





By means of concentration profiles of the water soluble con- 
tents of chloride, sulphate, sodium, potassium,and aluminium as 
well as changes in the mineral content and the pore size distri- 
bution it is possible to find a marked area at a depth of nearly 
30 mm. This area is characterized by the fact that, from here on, 
the amounts of chloride and sodium do not show any decrease and 
that here, potassium and aluminium are at a maximum, whereas the 
total amount of the latter is at a minimum at the same depth. The 
mineral phases sodium chloride and Friedel's salt are only iden- 
tifiable up to this distance from the surface. Here portlandite 
reaches a value higher than at the surface, but constant. The a- 
mount of pores with diameters smaller than 5 um, which is a crit- 





CHLORIDES, CHEMISTRY, MORTARS, PROFILES 


} cement mortar 
20% NaCl 
140 days 











0 ——_ ae 


Nm 
- 
+ 








‘oO 
Rh 
Rh 
o 











> 
median of the pore size distribution 


gel pore volume (r < 30nm) 
Oo 


microporosity 





So 
So 
oOo 


0 
distance from the surface ————— 


FIG. 4 


Profiles of Characteristic Parameters of 
the Pore Size Distribution 


ical measurement for the resistance of natural stones, presents 

a maximum of about 96 % of the total pore volume whereas the gel 
pores show a minimum. The changes in the content of the gel pores 
can be attributed to the formation of new mineral phases in this 
area, because the relatively stable Friedel's salt, monosulphate 
as well as other complex minerals containing chloride crystal- 
lize here, which happens at the expense of the amount of gel 
pores, a fact which is described by Efes (5). 

A coarsening of pores, shown by the increase of the microporosi- 
ty, is interpreted by Ushiyama and Goto (16) as a diffusion of 
portlandite out of the mortar contrary to the penetration of 
chloride. This is possible, because Schimmelwitz (11), as well 

as other authors (12, 18), has found an increased leaching of 
Ca(OH), out of hardened cement pastes when using an alkali chlor- 
ide sélution. The distribution of the portlandite content, found 
in the described specimens, also gives reason to believe this. 
The pore size at which the median shows a maximum (r = 80 nm) is 
in the field of radii about 100 nm, where the transformation of 
two different "modifications" of water happens (13). In the case 
of radii greater than 100 nm the so-called bulk-water exists, 
whereas pores with radii smaller than 100 nm are filled with 
water, which is precipitated there because of capillary conden- 
sation. A statement about whether the observed phenomena or the 
diffusion processes actually produce an attenuation of the co- 
hesion of the structure which could serve as the starting point 
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of freeze-thaw deteriorations, is not yet possible. But similar 
marked areas which are found at different distances from the 
surface because of various kinds as well as diverse durations of 
stress, are proved by element distributions and local differences 
in the specific surface of many cement mortars and concretes. 
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ABSTRACT 
Single crystal — Studies disclase hexagonal symmetry, 
a = 7.099 + 0.003 A, e = 5.687 + 0.002 A. The structure has been 
refined in space groups P63mc and finally in P63/mmc. The ideal 
cell contents are CaeSi2010; any fluorine present is postulated 
to substitute randomly for oxygen with concommitant Ca omission. 
The close structural relations between this phase and Ca3Si0s5 are 
described. 


Introduction 





The incorporation of fluorine in cement raw materials may have a 
considerable effect on the clinker mineralogy. In the present paper, we are 
concerned particularly with the specific interactions between calcium silicates 
and F~. These should in theory be revealed by studies of phase formation and 
stability in the Ca0-Si0.-CaF. system. However, the literature reveals 
considerable disagreement on phase formation and mineral equilibria. 


Bereczky (1) examined this system and described two ternary phases 
Occurring at high CaO contents, which he designated phases A and B. It is 
generally accepted that phase B has the CasSi20gF.2 composition and is 
structurally the fluorine analogue of calciochondrodite, CasSi203(0H)2: its 
Stability relations in the Ca0-Si02-CaF2 system were explored by Gutt and 
Osborne (2). However, the identity of phase A has been more difficult to 
establish. Bereczky believed it had the composition (in wt. %) 80 C3S - 

20 CaF2. Murkerji studied portions of the system Ca0-Si0.-CaF2 without 
finding a primary phase field for phase A (3) although subsequent 
investigators have apparently succeeded in delineating a primary phase field 
(4,5). From these studies, phase A appeared to be stable only over a short 
range of temperatures, between 1113°C and 1185°C, above which it melted 
incongwently to C38, C2S and liquid. As deduced in these latter studies, it 
had the composition Ca;2Si,40)9F2. Evidence for its composition included 
crystallographic data: its supposed orthorhombic cell contained one formula 
unit, which gave a calculated density similar to that of the observed density 
of a chemically purified extract containing mainly phase A. However, Gutt 
and Osborne (6) had independently arrived at the formula Ca, 9Si30;5F2, 
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although their formulation of its composition did not benefit from the 
application of any crystallographic restrictions. However, their powder 
data-40 reflections, unindexed - agree well with those reported in (5). 
Subsequently Gilioli et aZ (7) synthesized phase A and determined its 
composition; F was determined by a classical bulk chemical method, using 
a concentrate of phase A purified prior to analysis by chemical extraction, 
while Ca and Si were determined on individual crystals by microprobe. 
Combining these results, they give the formula as Ca2,Si7033Fy,. 


A further source of difficulty concerning phase A has been the inability 
of previous investigators to obtain a phase-pure preparation by direct 
synthesis, regardless of which formula is assumed correctly to represent 
phase A. Most investigators have attributed synthesis difficulties to the 
rather short range of thermal stability of phase A; for example, in 
reference (7) it is noted that not only were low yields obtained even in 
experiments of 24d duration at 1150°C, but that a phase-pure fraction, 
obtained by chemical extraction, decomposed completely during the 4 minutes 
required to heat it in a quench furnace from 20° to 1150°C. Thus, while the 
Stability and composition of phase B appear to be well-established, both the 
status of phase A as a stable phase in this system and its exact composition 
are uncertain. 


Experimental 


Two batches used for the synthesis of phase A were prepared from 
analytical reagent grades of CaCO; and CaF2 and a pure Si02 containing ca 
0.1% total impurity. The batches had the calculated compositions (wt %): (I) 
45.95 CoS, 42.67 CaF2, 11.48 CaO and (II) 48.41 C28, 39.19 CaF, 12.61 Cad. 
After blending in an agate mortar, ca 10-20g portions were heated in Pt 
crucibles in an electric muffle in air for 24h at 1130°. X-ray diffraction 
showed the product to consist of a mixture of Phase A, together with CaF2, 
Ca0 and yC2S. The yield, especially of phase A, tended to decline with 
longer heating times in both batches, while at the same time the free lime 
content increased. This may be associated with loss of F, which is 
appreciably volatile at the synthesis temperature. 


Single crystals of Phase A were grown in a vertical tube quenching 
furnace by heating a sample contained in Pt or enclosed in welded stainless 
steel capsules protected against oxidation by a Si0, sheath. The temperat- 
ure was cycled between 1130 and 1140°C, finally cooling to 1130°C at 
1°C h7?. = Substantial yields of phase A were obtained, but the preparations 
were never phase-pure. Phase A crystals were eventually obtained from the 
samples contained in Pt by handpicking under a petrographic microscope. The 
phase A crystals occurring in mixtures were identified by their character- 
istic morphology, low optical birefringence and extinction angles. 


A set of single-crystal precession photographs were obtained to determine 
the symmetry, which was subsequently also verified by selected area electron 
diffraction. Single-crystal intensity data were obtained using a Nicolet P3 
four-circle single crystal diffractometer. 





Results 


Precession photographs obtained with MoK, radiation disclosed hexagonal 
symmetry. The systematic absences (AhZ present for Z = 2n) indicate possible 
Space groups P63mc (no. 186) or P63/mmc (no. 194). Intensity data were 
collected for 102 independent reflections appropriate to the apparent hexag- 
onal symmetry (1/12 of reciprocal space) using graphite-monochromated MoK, 
radiation. Reflections out to 50° (28) were measured by the 6/26 scan 
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technique. The cell dimensions, refined against the angular settings for 
reflections close to 26 = 20°, were a = 7.099(3), ce = 5.687(2) A. A 
powder pattern (Table 1) gives satisfactory agreement between observed and 
calculated values when refined using these cell dimensions. The sample used 


Table ‘. Powder Data for Cag-0+5yS12010-yFy 





to obtain this pattern was 

Slightly impure and 

I reflections due to 
impurity phases, princip- 

20 |ally CaF2 and CaO, have 

been deleted. 


Yro 


hkl d 


130 . 7038 
032 . 6639 
13] . 6340 
023 .6146 
040 ~5359 
222 .5055 
041 -4845 
123 -469] 
132 -4629 
004 ~4222 
230 -4104 
033 . 3919 
014 . 3857 
231 . 3688 
042 - 3529 
140 - 3416 


The programme "Multan' 
yielded positions for 
atoms initially in the 
Space group P63/mmc of the 
form 2x, x, } (6-fold, 
> i 0.1584) and =}, wf sf 
(2-fold) respectively. It 
seemed logical to place Si 
in the two-fold and Ca in 
the six-fold positions, 
giving cell contents Ca, 
Sin .... . Possible 
anion positions were 
calculated assuming the 
be Pe a —. presence of SiX, tetrahedra 

é and, in order to accommo- 

Hexagonal, a = 7.099, ce = 5.689. Values in ( ) date these, a change in 
are the last significant figures of the calculated] symmetry to P63mc. This 
spacings. Data obtained with monochromated CuK gives x(1) positions of 
radiation, hoge. = 1.54179 A. % |the type 2x, x, z (x 

i 0.204, z = 0.827, 6 fold) 
and x (2) in positions of 
the type 7/3; 1/3, z (z = 0.423, 2 fold). These occupancies complete the 
SiO, tetrahedra and, with the addition of two X atoms designated x(3) at 
0,0,z (z ~ 0.5, two fold), also complete the Ca coordination. The struct- 
ure refined to R = 15%, and provides satisfactory bond distances, except for 
some irregularity in the Si-O distances and angles. However, the symmetry 
will permit only ten anions which must balance the twenty cation changes; 
hence the only anion distribution which will give a charge balance is 
attained when all anions are oxygens, t.e., the compound does not contain 
fluorine. The ideal cell contents are, therefore, fluorine-free and,more- 
over, chemically identical to Ca3Si0s. We return to this point subsequent- 
ly. There is, however, some ambiguity about the orientation of the Si0, 
tetrahedra (the direction of the Si-0(2) bond along the three-fold axis at 
x = 7/,; andy = 3/;. Complete disorder in this respect allows refine- 
ment in the space groups P6;/mmc with 0(1) on 12k and 0(2) in 4f (both atoms 
with half occupancy). This disordered model allows further refinement to 
R = 12% but still produces some unsatisfactory Si-O distances and angles: 
however, the disordered model does not remove the necessity imposed by the 
cation content of having all oxygen anions. The refinement was completed 
by adjusting Si and 0 to produce satisfactory bond angles and distances, a 
procedure which did not markedly worsen the R factor; Table 2 lists 
positional and bond parameters for this version of the structure, for which 
R = 15.9%. 
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Table 1.Atomic Coordinates andesd's. 


x y Z 


0.31372(32) 0.15685(37) 0.25 
0.41839(170) 0.20920(159) 0.8440(21) 


0.66667 0. 33333 0.75 
0.66667 0.33333 0.46666(411) 
0 0 0.5 


Bond distances and esd's. 
0 


A) 





Distance (A) Distance 


( 
.495(012) 1.619(012) 
) i(1) 1.606 (023) 
) 1.619(012) 
) i (010) 
) 

) 





1.619(010 








The (001) and (110) 
projections of the 
crystal structure are 
Shown in Figs. 1 and 2 
respectively. Phase A 
may be described as a 
columnar structure in 
which the structural 
units are linked into a 
framework. One prominent 
columnar unit consists of 
infinite chains containing 
Ca and those oxygens which 
are not also bonded to Si. 
These form chains of face- 
linked Ca-0 octahedra 
extending parallel to e, 
containing widely-spaced 
and therefore isolated 
Sid, groups. The oxygens 
of the tetrahedra provide 








Ca Si 
FIG. 1 


Crystal structure of phase A projected on (001). 
Atom heights are shown as units of 0.01 Z/c. 


a second set of Ca0-bonds rather longer than those which comprise the chains. 
Each Ca-0 chain is surrounded by six columns containing isolated Si0, groups, 
while each column containing Si0, tetrahedra is in turn surrounded by three 


Synietrically-disposed chains of Ca-0 octahedra. 
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FIG. 2 


Crystal structure of phase A projected on (110). The trace of the 

plane of this projection is shown in Fig. 1 by an arrow (upper right). 
Si atoms, at the centres of tetrahedra, are not shown and only Ca and 
0 atoms actually on the plane are shown as circles. 








Discussion 


The crystal structure proposed for phase A may be compared with that of 
Ca3Si0s, since the idealized compositions of both phases are believed to be 
identical. In the C3S structure (8) short chains each containing 3 linked 
Ca-0 octahedra develop such that each octahedra has a three-fold axis 
parallel to e. These short chains are, however, interrupted by a regular 
translational motion every ?/; of a unit cell such that the topmost octahedra 
of each column shares corners with the three octahedra at the bottom of 
columns in the layer above. Dent Glasser (9), comparing the structure of 
Ca3Si0s with those of Cd3Si0s and Sr3Si0s, pointed out with respect to 
Ca3Si0s that "if this arrangement is repeated regularly, rhombohedral 
symmetry is produced. It is suggested that the lower symmetries observed 
in Ca;Si0; and its solid solutions are produced by slight changes in the 
Stacking arrangement or the introduction of colums of octahedra of different 
Length (italics ours) ........ such modifications may be produced by the 
introduction of small quantities of cations having different coordination 
requirements". 












These speculations anticipate in several ways features observed in the 
present structure. In this instance, however, the substituents which alter 
the symmetry happen to be anions, not cations, and moreover the symmetry is 
not reduced but is instead enhanced by the simpler stacking pattern of 
octahedra in phase A, relative to C3S. Thus, phase A is the arzstotype 
structure z.e., the simplest structure of its kind, while rhombohedral C;S, 
together with the other stacking sequences envisioned in (9) but not yet 
represented by real examples, are hettotypes i.e., more complicated 
structures derivative from the ideal. 
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Several detailed features of the aristotype structure remain to be 
explored. Whileelectron diffraction results confirm the hexagonal symmetry, 
they also disclase the existence of a superstructure which is not apparent by 
X-ray diffraction. These features, and their implications concerning the 
crystal structure and defect content of phase A, will be described in a 
subsequent paper (10). The defects may provide structural sites for fluoride 
ions. 


Most reliable chemical analyses of phase A show that its Ca/Si ratio is 
3.0, in agreement with the crystal structure analysis. It would appear from 
comparison of powder data that all descriptions relate to essentially the 
Same phase. But the postulated crystal structure indicates that the idealized 
composition of phase A is C,S, thereby implying that the likely level of 
fluorine substitution in real crystals is quite low while on the other hand, 
all published estimates of the fluorine content show sufficient fluorine to 
Suggest that it is an essential constituent. Estimates of the oxygen : 
fluorine ratio do, however, vary widely from 7.5 (6) to 8.25 (7) and 9.5 or 
10.0 (4,5) and (1) respectively. Thus the weight of published analyses 
appear to indicate that phase A has a substantial fluorine content although 
none of the analyses made on real crystals are satisfactory inasmuch as they 
yield unit cell contents which are commensurate with the known symmetry, 
cell size and density of phase A. Since the bulk compositions of mixtures 
used in the syntheses of phase A contain more F than the supposed composition 
of phase A itself, it is likely that these analyses somewhat overestimate the 
real F content of the crystals. Thus, although electrostatic valence 
considerations would rule out the presence of essential fluorine in the 
crystal structure some fluorine might occur, for example, substituted for 
oxygen with concomitant cation defects. We have preferred to indicate the 
possibility of some fluorine substitution in the formula, although the 
mechanism by which this occurs is not yet established and the quantitative 
extent of such substitution less than hitherto deduced from analyses. 


The question arises: if the fluorine content of phase A is significant- 
ly lower than the previously - published estimates, why is phase A not more 
widely encountered in fluorine-fluxed cement compositions containing smal] 
amounts of fluorine (e.g. 0.5-1%)? One possible reason, we believe, lies in 
the origin of phase A which has not, to our knowledge, been observed to form 
except by crystallization from undercooled melts preferably those rich in F. 
Once formed, it does not survive even brief annealing at any subsolidus 
temperatures. It is possible therefore that its occurrence in the system 
Ca0-Si0.-CaF2 is metastable, and that the primary phase field shown in (4,5) 
is instead a region in which compositions, initially all liquid or nearly so, 
devitrify to yield phase A upon quenching. But its suspected metastability, 
at least under some conditions, need not necessarily detract from its 
importance in the clinkering cycle. Metastable crystallizations are 
suspected to occur regularly in cement clinker systems; for example, much 
of the C;A developed during clinker cooling is believed to form by 
crystallization from undercooled melts and, on that account, may exhibit 
solid solution compositions which cannot be achieved under equilibrium 
conditions (11). Nevertheless, phase A has a composition close to that of 
C3S, and when fluoride-fluxed compositions are heated to temperatures such 
that a fluorine-rich liquid phase is developed, the possibility that phase A 
may crystallize during cooling - partly to the exclusion of C3S- cannot be 
overlooked. Since phase A exhibits much less hydraulic activity than C3S, 
the modifying effect of fluorine on the phase composition is obviously an 
important factor governing the proportioning of fluoride-containing clinker 
compositions. 
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Another interesting question raised originally in (9) concerns the 
possibility that other hettotypes of C3S exist. These may not be immediately 
recognizable as such from their powder patterns and we hope to be able to 
undertake a more systematic search for other hettotypes. 
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ABS TRACT 


The effect of retarders on the rheological behaviour of fresh cement 
pastes has been studied, using rotational viscometry. Cement pastes 
subjected to continuous shear undergo reaggregation, indicated by the 
initial build up section of the torque-time curve. It is followed 
by a dormant period where the paste is at equilibrium which ends when 
setting starts and the final build up phase begins. The delay time 
and the kinetics of the final phase depend on the concentration of 
admixture and nature of the cement. The rates of build up in the 
initial and final build up sections of the torque-time curve are 
independent of retarder concentration but vary with the cement. The 
correlation between these results and those obtained with the Vicat 
test for the initial setting time of cement paste is discussed. 


Introduction 





Organic retarding admixtures are of great interest in concrete technology, 
giving prolonged setting time and workability retention without significantly 
affecting the long term mechanical properties (1). Evaluation of their mode 
of action and efficiency has been carried out by a variety of methods - 
electrical, thermal, chemical and mechanical. The latter category includes 
such well established tests as the Vicat penetrometer and the automated 
penetration devices of Bombled (2) and Forrester (3). Since setting can be 
viewed as the formation of a solid from a mobile suspension, the transform- 
ation should be amenable to study using conventional rheological techniques. 
This paper describes a rheological method based on a rotational viscometer 
which has been used to monitor the effect of various admixtures in cement 
pastes. 


The Rheology of Cement Paste 





In recent years, many workers have studied the rheological properties of 
cement pastes, with and without admixtures (4-13). Their investigations 
have generally been restricted to studying the behaviour of cement paste 
during the early periods of hydration either by the determination of flow 
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curves at changing shear rates (Fig.l) or studying the time dependent 
rheological behaviour of the cement paste at a constant shear rate (Fig.2). 
Various flow curve shapes have been noted (10) while the time dependent 
behaviour, first investigated by Tattersall (11), has recently been reviewed 
in detail (15). 


Fresh cement pastes undergo structural breakdown when subjected to shear 
which is indicated by decay in the torque on a rotating impeller with time 
according to an exponential relationship: 


po a = K.exp (-Bt) (1) 


At the equilibrium value of torque, Ta the structure in the paste is either 
broken down to a fully dispersed state or the rates of breakage and of 
reforming are equal. Subsequently the apparent viscosity of the paste 
increases as setting starts and the structure builds up, increasing the 
torque on the impeller. 


It has been suggested that retarding admixtures could delay this buildup 
region in the cement paste and in preliminary work, Banfill (14) found that 
the increase of torque, re at with time, t, followed a relationship of 
the form: 


en ee a (2) 
min 


The effect of retarding admixture appeared to be to change the value of A 
while b remained constant. 


Experimental Details 





Pastes of various commercially available cements, with the compositions given 
in Table 1, were prepared with a fixed w/c ratio of 0.35 by weight. 100 
grams of cement was first mixed with 90% of the necessary deionized water 
using a Gallenkamp propellor turbine mixer rotating at 2500 rpm, until the 
paste was completely, homogenized. The remaining 10% of the mixing water 
containing the required amount of admixture was then added while the paste 
was still being stirred. The stirring was stopped when this addition was 
complete after a total time of 4-6 minutes depending on the cement. The 
paste was then placed in the viscometer cup and the impeller lowered into 
position. The motor ‘was then switched on and the measurements started. 
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TABLE 1 
Chemical and Physical Properties of the Cements 





B 
(low 
alkali) 








Specific surface (m” kg) 
Sad 





w/c for standard 

















| consistence 
| 





This mixing sequence had two advantages: (i) it produced a "fully broken 
paste" which gave no further breakdown in the viscometer, enabling the build 
up cf structure to be seen right from the start of the experiment; (24a) BE 
was expected that this mixing sequence would give an optimum retarding effect 
as the gypsum in the cement pre-mixed with water for few minutes would make a 
self retarding ettringite skin and leave a larger amount of retarder to adsorb 
on Ca(OH.) nuclei and on silicate materials (16). The mixing times to 
achieve a fully broken down paste varied from 3 to 6 minutes according to the 
cement. 


The viscometric jinvestigation of the cement pastes was carried out in a Haake 
Rotovisco RV2 viscometer with MK500 torque measuring head. All the experim- 
ents were done with a helical impeller in a serrated cylinder (Fig.3), and 

the behaviour of the pastes was directly recorded in the form of torque-time 
plots at a steady speed of 450 or 512 rpm (corresponding to an average shear 
rate of 187-213 sec ~), using the electrical output for the torque dynamom- 
eter. It has previously been found that continuous shearing with this impell- 
er prevents sedimentation during the experiment (17). 


For reference information, conventional Vicat initial set time tests were 
carried out according to the procedure of B.S. 4550 (18) but with a mixing 
sequence similar to that adopted for the rheological tests. 400 grams of 
cement were mixed by hand with 90% of the mixing water for 34 minutes after 
which the remaining 10%, containing the appropriate amount of admixture, 
was added and mixed for a further 14 minutes before placing in the Vicat 
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FIG. 3 FIG.4 
The helical impeller/serrated The increase in torque with time in 
cylindrical viscometer geometry. the early stages of buildup. 


mould. The water/cement ratio used in these tests was that needed to give 
a paste of standard consistence, as defined by B.S. 4550 and was different 
for each cement, as given in Table l. 


The retarders used were the sugars glucose, maltose and sucrose, all of 
analytical grade, and were used in concentrations of 0.05, 0.1 and 0.2% 
by weight of cement. 


All experiments were carried out under thermostatically controlled conditions 
at 20 + le. 


Results 


Banfill's preliminary studies (14) implied that if a fully broken down paste 
were subjected to continuous shear the torque on the rotating impeller would 
increase smoothly right from the start of shearing, since the act of breaking 
down the structure in the paste by vigorous mixing would remove the 
structural breakdown part of the torque-time relationship. However, as shown 
in the example of Fig.4 the plot of log (T-T _,_) against log t is indeed 
linear but shows a transition to a second region of reduced slope. This well 
defined and reproducible behaviour was found to be independent of the 
presence and concentration of sugar, but, varied with cement. That the time 
of this transition, in the region of 100 minutes, is within the timescale of 
the induction or dormant period in the hydration of cement suggested that if 
shearing were further prolonged effects due to the end of the induction 
period would be detected. 


Accordingly the next set of experiments were extended to 1000 or more minutes, 
the time limit being set by the maximum torque available on the viscometer. 
Only sucrose was used in this part of the work and Figs. 5 and 6 show the 
effect of concentration on the increase of torque with time. The parameters 
of the power law expression for the buildup of structure, equation (2), can 
be calculated from the data of Fig.6 and dre presented in Table 2. 


The increase in torque with time falls into three phases, which become more 
distinct as the concentration of sucrose increases: an initial build up 

phase of decreasing rate, an intermediate phase whose length increases with 
the concentration of sucrose and a final build up phase which shows contin- 
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TABLE 2 
Effect of sucrose concentration on parameters of equation 
paste. Shearing speed 512 rpm. 


(2) for Cement C 





c) 


Sucrose concentration % 


Phase Parameter G205 Oecd 

















uous acceleration to the end of the experiment. Table 2 shows that the 
power law exponent, b, in phase III is 1.5 times that in phase I, but in 
both phases is independent of sucrose concentration. Both parameters 
depend on concentration in phase II, while the "length" of phase II makes 
parameter A of phase III strongly dependent on concentration. 


A further parameter of potential use is the delay time, defined as the 
elapsed time from the start of the experiment to the transition between 
phases II and III. This implies that the onset of phase III marks the end 
of the induction period and the start of the main phase of hydration 

and avoids the complexities of the effects of the first two phases. It 
might be expected to correlate in some way with the setting time as deter- 
mined by the Vicat test. Table 3 and Fig. 7 show that a linear relationship 
with a correlation coefficient of 0.95 exists. 
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Pig. 7 
Correlation of Vicat initial setting 
time (t.) and delay time (t 3) 





corr. coeff. =0.95 


determined in viscometer. 
/ ti = 2.36ty-1315 


TABLE 3 


Effect of sucrose concentration on initial setting time (t,) and delay time 
(t5) 





fe) 


f Sucrose concentration % 
Cement Times 
in 0.05 


minutes 
































Discussion 


Interpretation of results 

The results confirm that changes in the rheology of cement pastes with time 
certainly occur, but the observed effects are complex. By appropriate 
calibration the torque data for the rotating impeller can be converted to 
apparent viscosity so that the results show that apparent viscosity increases 
with time. For cement paste this can be due to an increase in yield value 
and/or plastic viscosity (Fig.l). Other work suggests that the change in 
yield value is greater than the change in plastic viscosity (15). 
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Application of the special preparation technique used in this work has 
prevented the shear breakdown of flocculation structure from obscuring the 
build up of hydration structure in the early stages of reaction, but it has 
revealed fresh complexities. Apparent viscosity increases at a decreasing 
rate for an initial period, which is followed by a dormant period of relat- 
ively constant viscosity whose length depends on the concentration of 
retarder. The end of the dormant period is shown by the apparent viscos- 
ity again starting to increase, but this time at an increasing rate (Fig.5). 
This behaviour shows marked similarity to the stages of the hydration of 
cement as demonstrated by conduction calorimetry, where a pre-induction 
stage of decelerating reaction is followed by the induction period of very 
slow reaction and a post induction stage of accelerating reaction. 


According to a recently proposed model (19), the initial reactions between 
cement and water produce a mixed calcium sulphoaluminate and silicate gel 
layer around the grains. This layer retards hydration during the dormant 
period and hydration can only restart when the gel is ruptured and reactants 
come into contact. As the gel layer is selectively impermeable to silicate 
ion, osmotic pressure builds up inside fhe skin until rupture occurs and 
extruded hydrosilicate combines with Ca’+ in solution to form the secondary 
outgrowths of calcium silicate hydrate. In these terms the observed initial 
increase in apparent viscosity (phase I) would appear to be due to removal of 
water from the paste combined with changing morphology which increases the 
resistance to flow of individual particles. Phase II would correspond to 

the dormant period in the hydration and the final increase in apparent 
viscosity (phase III) would be due to entanglement of the outgrowths which 
eventually interlock to give a solid mass. 


Closer scrutiny of the results casts some doubt on this interpretation as it 
is difficult to explain the effect of admixtures on the three sections of 

the increasing viscosity graph (Fig.5). The relationship between torque and 
time for a cement paste (equation 2) is entirely empirical, obtained by curve 
fitting, and there is at present no theoretical basis for it. However, we 
Suggest that the exponent b can be described as a 'mechanism' parameter such 
that similar processes have the same values of b and wide variations in b 


indicate different mechanisms. The constant A is interpreted as a 'rate' 
parameter. 


Thus the fact that admixture changes the value of A but not of b in phase III 
is taken to indicate that the same process is occurring, but at a different 
rate. Similarly the difference between the b values for phases I and III 
suggest that different processes are occurring in these phases. 


The build up kinetics in the first phase of reaction are independent of 
admixture type and concentration. Since it is well known that retarders 
interact with the aluminate phases which react rapidly with water (16), this 
independence suggests that phase I of the build up is not due to chemical 
reaction. Also the initial chemical reactions are substantially complete 
within a few minutes of mixing and certainly within the time taken to load 
the paste into the viscometer. The first build up phase is more likely to be 
a physical process such as reaggregation or flocculation from the highly 
dispersed state in which the paste is prepared. However, further tests are 
necessary to confirm this. 


Phases II and III of the structure build up are affected by concentration of 
admixture and clearly reflect chemical processes. In commercial cements 
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gypsum is added to prevent flash set due to the rapid hydration of tricalcium 
aluminate, and the dormant period lasts until sulphate is exhausted or until 
the hydration of tricalcium silicate restarts. Bensted concluded that only 
the latter process was responsible for setting provided that the tricalcium 
aluminate was adequately retarded (20). 


The action of sugars is to extend the dormant period and slow down the sub- 
sequent hydration reaction. Without speculating on the mechanism, which is 
still controversial, it need only be noted that the effect of sucrose on 
phase II and III reflects this effect. 


The correlation of delay time and Vicat initial setting time is further 
evidence in favour of this interpretation. If the delay time marks the end 
of the dormant period a further time interval would be expected before the 
hydration structure in the paste builds up enough to reach the arbitrary con- 
dition of penetration resistance. Therefore the delay time is always shorter 
than the Vicat initial setting time. In addition the length of the further 
time interval to setting depends on the rate of hydration subsequent to the 
delay time, which in turn is affected by the retarding admixture concentration. 
The twofold effect of sucrose noted above therefore results in the linear 
cerrelation between delay time and Vicat initial setting time, of which the 
latter is about 2.5 times the former. 


Potential usefulness of the method 





While the full details of the mechanisms underlying the changes in 
rheology described here are not yet fully worked out, the potential of the 
method has been shown. The delay time, marking the end of the dormant 
period and the start of the main stage of hydration, correlates with the 
initial setting time of the Vicat test and could be used alone as a criterion 
of setting for studies of the effect of set retarders. Inspection of Tables 
2 and 3 shows a broad negative correlation between the parameter A of phase 
III of the build up of structure and the initial setting time so that this 
parameter, which relates to the position on the time axis of this phase of 
the torque-time plot, could also be used as a criterion of setting. Since 
both parameters are derived from kinetic data which are not sensitive to 
paste composition the preparation method need not be so rigorously defined 

as in the Vicat test and the results are consequently more reproducible. 


Conclusions 


1) The viscometric technique described is capable of monitoring the setting 
process in cement pastes. 

2) The apparent viscosity of a cement paste which has been prepared by 
vigorous stirring to break down the floc structure increases in three phases 
which are interpreted as corresponding to (I) initial reaggregation, (Ir) 
dormant period, (III) hydration. 

3) The transition from phase II to IIIoccurs after a delay time which is 
shorter than the Vicat initial setting time but correlates linearly with it. 
4) Phase I appears to be independent of the presence of retarders, but the 
kinetics of phases II and III depend on retarder concentration and can be 
used to judge the relative efficiencies of different retarding admixtures. 
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¥' ABSTRACT 

: The effect of accelerators, and in particular lithium salts and 
citric acid solutions, on the setting time of high alumina cement has 
been studied using calorimetry, solution analysis and X-ray 
diffraction techniques. Results are discussed with respect to the 


ternary Ca0-Alj03-H20 solubility diagram. It appears that there is a 
nucleation barrier to the precipitation of the main products of 
hydration, CAH,, and C,AHg and that lithium salts function as 
accelerators by precipitation of a lithium aluminate hydrate which 
acts as a heterogeneous nucleation substrate. It is suggested that 
retardation by citric acid is due to the precipitation of protective 
gel coatings around the cement grains which impede hydrolysis or 
inhibit growth of the hydration products. 














Introduction 












High alumina cement (HAC), which was originally developed for its sulphate 
resisting properties, has an important practical advantage in its rapid 
hardening characteristics (1). The principal hydraulic constituent in HAC 
clinker is monocalcium aluminate and the hydration process is usually 
represented as (2): 








hydration 
cA ———?> co 
+ alumina gel 
CAH, 





conversion 





CAH, ot AH, 
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In contrast to Portland cement where the major cohesive hydration product is 
colloidal C-S-H gel (~60% by volume) with lesser amounts of crystalline calcium 
hydroxide and aluminate hydrates, the hardening of HAC is associated with the 
formation of an interlocking structure of crystalline aluminate hydrates, prin- 
cipally CAH), but also Cj,AH,. The proportions of CAH), and C,AH, depend on the 
temperature of hydration. Quantities of alumina gel contribute to the consoli- 
dation of the microstructure, the gel having a tendency to age to crystalline 
forms in mature pastes (viz. gibbsite AH;)- The hydrates CAH), and ogi, 
which have hexagonal crystal structures, are metastable with respect to ‘con- 
version’ to the cubic hydrate C,AH;, a process accelerated in warm and moist 
conditions (1-4). The microstructural changes associated with conversion in- 
volve not only a change in crystal structure and morphology of the hydrates but 
also a contraction in volume of solids with a resultant increase in porosity in 
the hardened paste. This can lead to very dramatic decreases in strength and 
durability and is the source of much~publicised problems that have been 
encountered in the past in the structural use of HAC concretes (3). 


Because of the problems associated with conversion, there are now legal re- 
strictions on the structural use of HAC concretes in many countries. Neverthe- 
less, the cement still finds wide application for refractory purposes and also 
in grouts/concretes designed for anchoring or rapid repair work. In these 
latter applications, the use of admixtures to control the setting and hardening 


has been found desirable. 


To a large extent, the practical use of accelerating and retarding admixtures 
for HAC is on an empirical basis and is not well documented in the literature. 
Robson (1) states that in general alkaline compounds tend to accelerate the set 
of HAC whilst acidic compounds retard. Thus dilute solutions of sodium or 
potassium hydroxide and organic bases such as triethanolamine are accelerators 
whilst hydrochloric and acetic acid act as set retarders. Solutions of gly- 
cols, glycerine, sugars and casein are reported to have a regarding effect. 
Citric acid is used commercially as a retarder for HAC and Young (5) has sugg- 
ested that some hydroxycarboxylic acids have the advantageous effect of stabil- 
ising the hexagonal calcium aluminate hydrates with respect to conversion to 
the cubic hydrate. Lithium carbonate has been found to be a very effective 
accelerator for HAC, the degree of acceleration increasing with the amount of 
the salt added to the gauging water (6). In chemical terms, the mode of action 
of these admixtures is not well understood. 


This paper describes a study of various admixtures for HAC with the object of 
assessing their effect as accelerators or retarders. In order to characterise 
their chemical interaction during hydration of the cement, lithium salts 
(accelerators) and citric acid (retarder) have been examined in some detail 
using calorimetry, solution analysis and X-ray diffraction methods. 


Experimental Methods 





(a) Materials 


The cement used was a commercial Lafarge Ciment Fondu with the following oxide 
compositions: 
FeO: Mn7 03: 0.1 
Ti0.: P.0.: 0.2 
MgO: S03: 0.1 
Na,0: Traces: 0.3 


5 
5 


The major clinker phase was monocalcium aluminate (~70%) with minor phases 
including C\,A » C,AF and C,S. The admixtures used were Analar grade reagents, 
dissolved in freshly distilled water prior to mixing with the cement. 
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(b) Calorimetry 

A simple adiabatic method was used to monitor the hydration process. Cement 
paste samples (w/c = 0.5) were contained in pyrex tubes surrounded by a therm- 
ally insulated container. The temperature rise as a function of time was meas- 
ured by means of a chromel-alumel thermocouple embedded in the paste. 


(c) Solution analysis 





Cement slurries (w/c = 1.5) were mixed by means of a magnetic stirrer for pre- 
scribed time intervals and then rapidly filtered to extract the aqueous sol- 
ution. Mixing and filtering was carried out in plastic apparatus (to avoid 
contamination by silica from glassware) under an atmosphere of nitrogen to 
prevent atmospheric carbonation. The ambient temperature was 22+2°C. After 
filtration, aliquot portions of the solution were immediately analysed for the 
following ions: 


Calcium: EDTA titration after complexing Fe and Al with ethanolamine. 

Aluminium: colorimetric analysis of solochrome cyanine R complex and by 
atomic absorption spectrophotometry. 

Silicon: colorimetric analysis of molybdenum blue complex. 

Iron: colorimetric analysis of thioglycollic acid complex. 

Chloride: colorimetric analysis of ferric thiocyanate complex. 

Lithium: atomic emission spectrophotometry. 

Hydroxyl: acid-base titration, using HCL and phenolphthalein indi- 
cator. 

Citrate: colorimetric analysis of acetic anhydride and pyridine 
citrate complex. 


Details of the mixing and filtering system and the procedures for analysis may 
be found in previous publications (7, 8). 


(d) X-ray diffraction 





Samples of hardened cement cured for 2 days at room temperature were finely 
ground and diffractometer traces were obtained with a Philips PW10/50 gonio- 


meter system using Cu Ky radiation. 


RESULTS 


(a) Adiabatic calorimetry 





Temperature versus time profiles for an untreated cement control sample and 
samples treated with equimolar amounts of various lithium salts (w/c = 0.5 with 
solutions 0.05M with respect to Lit in the admixtures) and citric acid are 
shown in Figure 1. In the control sample, the temperature of the paste 
remained roughly constant at room temperature for a period up to 6% hours and 
then showed a rapid rise, the paste soon becoming too hot to touch and finally 
generating steam. During the initial latent period the paste remained in a 
fairly plastic condition the final temperature rise being associated with an 
observable hardening reaction. In a number of control samples the time of the 
temperature rise was fairly reproducible occurring between 6 - 7 hours after 
mixing. 


The very pronounced accelerating effect of the lithium salt admixtures is evi- 
dent in the heat evolution profiles. In cement samples treated with different 
lithium salts the temperature rise occurred very soon after mixing (in some 
cases beginning almost immediately) reaching a maximum within 20 - 30 mins, 
with a rapid stiffening and hardening of the paste. Each lithium salt tested 
proved to be effective as an accelerator with only slight variations in final 
set time. 
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In contrast, the citric acid admixture produced a very distinct retarding 
action. The latent period was extended to about 17 hours after mixing, the 
paste remaining in a plastic condition during this time. Eventually a temper- 
ature rise was recorded and the paste hardened. It is notable that lithium 
citrate, in common with other lithium salts, showed an accelerating effect. 
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Temperature versus time profiles for cement samples 
treated with various lithium salts, water and citric acid. 


To test whether other metal cations had a similar effect to that of lithium a 
range of chloride salts of univalent, divalent and trivalent cations were in- 
vestigated. The results are shown in Figure 2, which records the position of 
the maximum temperature rise from calorimetry traces. It is evident that none 
of the metal cations tested had an accelerating effect comparable to that of 
lithium. Lanthanum and magnesium chlorides showed some accelerating tendency 
whilst zinc, copper, mercury and manganese chlorides showed a distinct retard- 
ing effect. Both calcium chloride and strontium chloride which are set accel- 
erators for Portland cement show a retarding effect with HAC. 


(b) Solution Analysis 





To investigate the chemistry of hydration of HAC in the presence of lithium 
chloride and citric acid admixtures comprehensive analyses were carried out of 
the solutions extracted from cement slurries (w/c = 1.5) at various time inter- 
vals after mixing. The results are shown in Figures 3(a), (b) and (c). In the 
untreated control sample (Figure 3(a)), calcium, aluminium and hydroxyl levels 
rise very rapidly within the first 10 minutes after mixing, reach a maximum 
after about 75 minutes and then gradually decline at similar rates over a long- 
er time period. The Ca0/Al203 ratio in solution is initially around 1 - 1.3 


but decreases later. The iron and silicon levels in solution remain very low 
(generally 1072mm) during the six hour period. 


Comparing this with the sample treated with lithium chloride (Figure 3(b)) it 
is evident that there are considerable changes in the solution chemistry. The 
Cat+ and OH~ levels reach about the same values as in the control sample during 
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the first 10 minutes, but thereafter decrease much more rapidly. Notably, the 
aluminium levels in solution are depressed during the 6 hour period and do not 
reach the maximum value found in the control system. Lithium and chloride 
levels also drop very rapidly, becoming hardly detectable after about §4 hour. 
Silicon and iron concentrations again remain neglibibly low. 


A more complex situation occurs in the cement sample treated with citric acid 


(Figure 3(c)). As one might expect from the addition of acid, the OH™ levels 
in solution are initially depressed but these gradually re-establish themselves 
to roughly the same values occurring at the maximum in the control. An inter- 
esting feature is that within detection limits, aluminium does not appear in 
solution until after the first % hour, the concentration rising steadily there- 
after reaching a maximum at about 30mM. During this period there is a 
transient appearance of silicon in concentrations substantially greater than 
observed hitherto. Throughout the period of observation, the Catt 
concentration in solution remains roughly constant at about 20mM. The citrate 
admixture remains in solution for the first hour and thereafter decreases 


slowly over the next four hours. 


(c) X-ray Diffraction 


Figure 4 shows the diffractometer traces obtained from (a) the anhydrous cement 
clinker, (b) a hydrated cement paste made with distilled water and (c) a cement 
paste hydrated in a 10mM solution of lithium chloride. Comparison of 4(a) and 
(b) shows, in addition to the peaks associated with the anhydrous clinker pha- 
ses, the appearance of peaks from the hexagonal hydrate CAH,,. Smaller peaks 
from hexagonal C2AHg are just detectable. As discussed in the introductory 
section, these are the expected hydration products of HAC under normal condit- 
ions. The samples were hydrated at room temperature and there was no sign of 
conversion to the cubic hydrate CAH, - In the sample treated with LiCl (figure 
4(c)) significant differences are evident. The diffraction peaks indicate that 
the main crystalline hydration product is now C,AH, with only a small amount of 
CAH,, present. In addition extra diffraction peaks appear which are identifi- 
able on the ASTM index with a lithium hydro-meta-aluminate LiH (Al0,),+5H,0. 

A diffractometer trace was also obtained from a cement sample treated with 
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citric acid solution but this was not significantly different from the control 
sample in Figure 4(b). CAH, 9 was the main hydration product and there was no 
evidence of any new crystalline hydrate phases. 


Discussion 


Lithium chloride admixture has been shown to produce changes in the chemistry 
of hydration of HAC and in the nature of the hydration products. It is 
relevant to consider the solution chemistry data (Figs. 3(a) and (b)) in terms 
of the solubility diagram for the ternary Ca0-Al,0,-H,0 system. Figure 5 
illustrates the form of the solubility diagram at room temperature, plotted on 
orthogonal axes. The lines AB, BC, CD and DE indicate the solubility limits 
for solutions in contact with the crystalline phases CAH10, C2AH8, C4AH13 and 
calcium hydroxide respectively. The solubility limit for alumina gel/hydrous 
alumina (AH,) is variable and is given approximately by the line OA. For 
clarity, the solubility limits of the stable cubic hydrate C3AH, have not been 
included in the diagram. This omission is not important in this discussion 
since we are primarily concerned with the formation of the hexagonal calcium 
aluminate hydrates and not the conversion reaction. It is worth bearing in 
mind, however, that Figure 5 represents the metastable form of the solubility 
diagram. These solubility limits have been determined experimentally by a 
number of researchers (9 - 11). To obtain a comprehensive picture of the 
solubility relationships in this system, Figure 5 has been drawn to include two 
and three phase regions beyond the solubility limits. Three phase regions (two 
solid hydrates + solution) are represented by the triangular shaded areas. Two 
phase regions (one solid hydrate + solution) are represented by areas drawn 
with parallel lines. In the latter case, these 'tie-lines' are inclined at 
angles determined by the C/A ratio of the particular hydrate involved. The 
points A, B, C and D represent invariant points (according to the Gibbs phase 
rule) giving the compositions of solutions that can be in equilibrium with two 
hydrate phases simultaneously. 
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In applying the solubility diagram to the hydration of HAC, two processes have 
to be considered. The first is the hydrolysis of the anhydrous cement clinker 
which releases lime and alumina into aqueous solution. The second involves the 
removal of lime and alumina from solution by nucleation and growth of the hy- 
dration products when the solubility limits are exceeded. In general, the 
aqueous chemistry (starting from pure water at the origin 0) will be determined 
by both processes occuring simultaneously. 


Superimposed on the solubility diagram of Figure 5 are the solution analyses 
from Figures 3(a) and (b)- In the control sample the immediately noticeable 
feature is the very high degree of supersaturation which is reached in the sol- 
ution within a few minutes of mixing and which persists for a period of several 
hours. As remarked upon by Barret et al (12), this ‘latent' period of super- 
saturation is a characteristic feature of the hydration of HAC and implies that 
there is a nucleation barrier to the formation of the hydration products. As 
shown in Figure 5, at 5 minutes after mixing, the solution composition lies in 


the region of supersaturation with respect to both CAH10 and aluminium hydrox- 
ide. The C/A ratios in solution =l indicating that initial hydration mainly 
involves the congruent dissolution of the CA phase in the cement. The slow 
drift in the solution composition within the first hour towards higher lime 
contents probably indicates the beginning of precipitation of hydrated alumina. 
After one hour, the solution composition lies in the two-phase regions of su- 
persaturation with respect to CAHl10- At this point, the lime and alumina con- 
centrations start to decrease, the solution composition moving in a 

direction approximately parallel to the CAH,, tie-lines and finally after 6 
hours approaching the solubility limit of the CAH), phase (the line AB). This 
relief of supersaturation clearly is associated with the nucleation and growth 
of the CAH), hydrate. At 14 and 2 hours there is a slight ‘overshoot' of the 
solution composition into the region of supersaturation with respect to CAH), 
and C,AH, which could lead to some precipitation of C,AHg-. This pattern of 
events is entirely consistent with the X-ray analysis (Figure 4) which shows 


that CAH10 is the predominant crystalline hydration product with smaller 
amounts of C,AH,. 


Referring to the sample hydrated in LiCl solution, two main differences in the 
aqueous chemistry are evident: (a) everything happens much more quickly and (b) 
the degree of supersaturation is not as great as in the control sample, the 
composition being depressed towards lower aluminate concentrations. The fact 
that X-ray diffraction shows quantities of lithium aluminate in the hydration 
products suggests that preferential precipitation of the aluminate by Lit is 


responsible for these changes. 


The following sequence of events is likely. The aluminate released into sol- 
ution by hydrolysis of the cement is immediately precipitated as lithium 
aluminate. Referring to Figure 5, this means that the solution composition 
moves from the origin O along the abscissa towards increasing Ca0 
concentrations. Aluminate is free to enter solution by. continued hydration of 
the cement only when all the lithium has been removed by precipitation, a 
situation reached in this case when the lime concentration reaches 10mM (10mM 
of Lit combining with an equimolar quantity of Al,03;)- Subsequently, as more 
lime enters solution with alumina the solubility limit is crossed but with the 
important difference in relation to the control sample that this occurs in a 
differnt region of the solubility diagram. The first measured analysis, at 5 
minutes, shows this to be in the region of supersaturation with respect to the 
C,AH, hydrate. If precipitation of C,AH, were the only process to occur at 
this stage, the solution composition would move in a direction parallel to the 
CAH, tie-lines towards the solubility limit BC. In fact, as Figure 5 shows, 
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the solution composition moves horizontally towards lower lime concentrations 
over the period 10 -30 minutes. This implies that the effect of precipitation 
of C,AH, is partly offset by the release of more lime and alumina into solution 
by continued hydration of the cement. The result is that the solution 
composition eventually moves over into the region of supersaturation with 
respect of the CAH), hydrate. Thus the initial precipitation of C,AH, is 
followed by a later precipitation of CAH,,, the solution composition finally 
approaching the solubility limit AB over a period of 3 - 6 hours. The end 
result, as evidenced by the X-ray diffraction data in Figure 4, is that the 
proportion of C,AH, in the hydration products is substantially increased 
relative to that of CAH),- 


It still has to be established why the hydration of HAC is accelerated by the 
Li salt admixture. This is almost certainly related to the difficulty in nuc- 
leation of the calcium aluminate hydrates. As has been seen, this gives rise 
to very high degrees of supersaturation in solution during an initial 'latent' 
period which can extend for several hours. The hardening reaction only occurs 
following the nucleation and growth of an interlocking structure of hydration 
products. The importance of the nucleation barrier is highlighted by previous- 
ly reported observations (1) that the hardening of HAC can be accelerated by 


the addition of pre-hydrated cement to the initial mix. 


rne possible explanation is that the addition of the lithium salt changes the 
solution chemistry in such a way as to favour the formation of C,AH, rather 
than CAH10 and that the former hydrate is easier to nucleate. To test this 
hypothesis samples of HAC were hydrated in solutions of 10mM calcium hydroxide. 
As expected, X-ray diffraction showed quantities of C,AH, in the hydration 
products but the hydration reaction (as monitored by calorimetry) was acceler- 
ated only to a very limited extent. An alternative explanation is that the 
formation of lithium aluminate promotes the nucleation of the calcium aluminate 
hydrates. That is, lithium aluminate acts as a heterogeneous nucleation subs- 
trate. This explanation appears to be the correct one since in experiments 
where dried powdered lithium aluminate (synthetically prepared in the 
laboratory using a method described by Dobbins et al (13)) was added to the 
initial cement mix, a very marked acceleration of hydration was observed. 


With regard to retardation by citric acid it is tempting to conclude that, if 
Li salts accelerate by promoting nucelation, then citric acid retards by inhib- 
iting nucleation. However, solution chemistry measurements do not support this 
hypothesis. Neither are there grounds for supposing that retardation results 
from the inhibition of hydration by adsorption of the citrate radical directly 
on to the cement clinker surface as has been postulated (16). Interpretation 
of the solution chemistry is made difficult by the known propensity for citric 
acid to form soluble complexes with both calcium and aluminate in neutral and 
alkaline solution (14, 15). This prevents any useful conclusions being drawn 
from the Ca0-Al 0,-H 0 solubility diagram. Citrate can also be precipitated as 
the highly insoluble calcium salt. Preferential complexation of lime by citric 
acid is likely, in terms of the solubility diagram, to promote precipitation of 
alumina gel at early stages. 


Our tentative conclusion based on the solution chemistry data are (a) that the 
presence of citric acid in solution initially promotes precipitation of alumina 
gel by preferential complexation of calcium (hence almost negligible quantities 
of aluminate in solution during the first 10 - 15 minutes of hydration) and (b) 
that the citrate is finally precipitated with the calcium aluminate hydrates 
(hence decreasing concentrations of citrate in solution over the 1-6 hour 

period). The precipitates are probably in amorphous gel form since X-ray 

diffraction shows no new crystalline phases. Retardation may thus be seen as 
resulting from the precipitation of protective gel coatings around the cement 
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grains which impede hydrolysis or alternatively inhibit growth of the hydration 


products. 
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' 


The state of the art of quantitative analysis of phases in Portland 
cement clinkers lies in the selection of the optimal experimental 
conditions. The important parameters, such as acceleration 
potential, probe size, sample preparation and software handling are 
discussed. 


INTRODUCTION 


Electron-column instruments (EMPA, TEM, SEM and STEM) attached with 
wavelength dispersive (WD) or energy dispersive (ED) spectrometers, have been 
in use for the analysis of materials for over a decade. Their application in 
quantitative analysis of cementitious phases though has been somewhat limited 
(1,2). Interest in the microchemical study of Portland cement clinkers, lies 
not only in the principal elements Ca, Si, Al and Fe, but also in the minor 
elements (Na, Mg, S, P, K and Ti) present as accidental or intentional 
impurities in the phases. These impurities give an indication as to the 
anionic and cationic substitutions, the nature of solid solutions, inter- and 
intra-granular effects such as overgrowths, inclusions, and compositional 
variations, if any, within the grain itself. 

The state of the art of quantitative analysis rests predominantly on the 
optimal experimental conditions. Selection of the correct beam voltage, probe 
diameter, sample preparation, etc., determine whether the analysis would turn 
out satisfactory. 

For the present set of experiments, an ISI DS-130 dual screen/dual stage 
STEM attached to a Kevex Micro X.700 analytical EDS (with a dual floppy disc 
drive), 64K microcomputer was used. Only the SEM part of the microscope, 
i.e., the lower stage, was used. The advantage of using this stage lies in 
the use of large specimens (up to 30 cm). 
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EXPERIMENTAL 


The resolution of the detector being used is the first important factor 
the user needs to take into consideration. The resolution is determined by 
measuring the number of channels in, electron volts at FWHM of the MnKa peak 
(3). The lower the value, the better is the resolution, i.e., its capability 
of resolving the separation of peaks increases. This is an important 
consideration when low energy elemenjal peaks, such as Al, Mg and Na are 
included in the analysis. Normally a resolution of 160eV is capable of 
separating these peaks (5). The manufacturer's value for the present detector 
was 152eV. The authors, however, found the experimental value to be 156eV, 
using a spectrally pure Mn. Aging of the detector is liable to cause this 
amount of degradation in the resolution. The position of the detector should 
be as close as possible to the specimen, without damaging either of these. In 
our case the detector was positioned 6 mm from the specimen. Experiments on 
the acceleration potential (6) have shown that the measured intensity goes 
through a maximum and then drops. Our results which are in accordance with 


(6) are given in Table I. 


TABLE I 
Variation of Measured Intensity with 
Acceleration Potential. Sample - C3S* 





KV Integrated Intensity 





20 1343 6247 
30 326 6455 
40 106 4698 





*Cement chemists’ notation: C=Ca0, 
S=Si0,, A=A1,03, F=Fe,03. 


For all practical purposes an ‘overvoltage ratio U’ (acceleration 
potential E,/absorption edge energy E,) >2 should be used (7). Since in 
cementitious compounds Fe is usually the highest energy element present, with 
E. = 7.11 keV, 20 kV was selected for analyses. 


c 
Most electron-column instruments suffer from inherent beam fluctuation 


and drift, though in some cases it may be negligible. A small amount of beam 
drift which is difficult to detect visually on the SEM screen, is liable to 
introduce an error of 1% or more in quantitative analysis. This is 
illustrated in Table II. 

To monitor and subsequently minimize this drift, a spectrally pure 
graphite was placed on the specimen stub at exactly the same height as the 
specimen. The specimen current on the graphite was monitored at a regular 
interval, and any dirft (from the 3 nano-amps value used) was adjusted 
whenever necessary. The graphite in a way served as the internal standard for 
correcting the beam drift. 

Analytical results are partly dependent on the size of probe diameter 
being used. It has long been established that electron bombardment creates a 
pear-shaped active zone directly underneath the area of electron impingement 
(8). The volume of this zone depends on the composition of the specimen. 
Nevertheless, it is larger than the actual probe diameter by a factor of at 
least 2. Hence, very large probe diameters (>lym) should be avoided so that 
there is no inadvertent sampling of neighboring grains. 

A series of intensity measurements taken on a pure C,S sample showed that 
a probe size of 5000 gave concentration values closest (Table III) to the 
theoretical (Ca=46.54, Si=16.30 weight percent). 
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TABLE II 
Effect of Beam Drift on Intensity and 
(Concentration)* of C,S* at 20 kV. 





Integrated Intensity 
before drift Integrated Intensity 
(Ideal Condition) after drift 
Si Ca Si Ca 





8021 18226 8925 16338 





Concentration Before Concentration After Theoretical 
Drift Drift Concentration 
(weight percent) (weight percent) (weight percent) 
Si Ca Si Ca Si Ca 





16.64 46.03 18.84 42.67 16.30 46.54 





*obtained from MAGIC V program 


TABLE III 


(See Page 88) 


Modern SEMs normally have facilities for selecting different probe sizes. 
Care should be exercised in selecting the correct one. We selected a probe 
diameter of 5000A for better counting statistics and its small active volume. 

The data acquisition period should not be prolonged, as cements are not 
perfectly non-volatile materials, and very long counting time (continual 
electron bombardment) causes degeneration on the surface of the sample. 
Counting time <100 secs is recommended. In the particular system used, loss 
of mass was denoted by the appearance of dots on the CRT screen of the 
spectrometer. By studying the density of dots at the end of data collection, 
it can be ascertained whether loss of mass was high enough to warrant the 
rejection of data. Regular monitoring of the count rate will also indicate 
the degree of degeneration and beam drift if any, during the counting period. 
A sudden increase or drop of count rate is indicative of either of these two. 

Window width or the number of channels, where each channel is 20eV wide, 
for characteristic x-radiation selection is another important criterion to be 
considered. The results of varying the width and its effect on x-ray 
detection is given in Table IV. Hence, a window width of 4 channels was found 
to be optimum for our analyses of clinkers. 

Sensitivity setting defines how small a peak can be detected compared to 
the background around it. A series of tests was performed on a clinker to 
determine the optimum sensitivity of the system. The results are summarized 
in Table V. From Table V it is evident that a sensitivity value >1 will tend 
to mask the peaks of Al and Fe. 

The background in energy dispersive X-ray analysis, often referred to as 
the ‘bremsstrahlung’ follows a path as shown in Fig. 1. Programs are 
available for fitting and subtracting the background profile. It is crucial 
that an appropriate fitting and subtraction be performed for quantitative 
analysis. Background subtraction will depend on the background fit. An 
example of this is given in Fig. 2. The fitting routine follows the number of 
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FIGURE 1 
Spectrum of a clinker with its fitted background. The vertical 
scale has been expanded to illustrate the characteristic 
shape of the ‘bremsstrahlung.’ 
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FIGURE 2 
An example of background fitting with (a) 16 channels skipped and 
(b) 8 channels skipped. The former is seen to interface with 
substantial portions of Mg and Al peaks. The ‘skip’ in channels denotes 
the interval selected by the system to fit the background. 
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channels selected. If too many channels are skipped (e.g. 16), the background 
generated would tend to subtract substantial portions of the low Z elemental 
(Na, Mg, Al) peaks because of the unusual shape of the ‘bremsstrahlung.’ 

The count rate should be maintained between 1,000-3,000 cps. A very high 
count rate tends to generate 'sum peaks’ at twice the characteristic keV of 
the element (4). Too low a count rate, on the other hand, may be insufficient 
for the analysis of low Z elements, such as Na and Mg, which are expected to 
exist in low concentrations(<2% and <5% respectively) in clinker. 


TABLE IV 
Effect of Varying Window Width on the 
Detection of Characteristic X-ray Lines. 





Window Width X-ray Lines Detected 
No. of Channels Sample - C3S* 





1 CaKa 
3.687 keV 





Sika, ; CaKa,, Ka 
1.739, 3.691, 3.687 keV 





$ika,, Ka,; CaKa,, Ka 
LSt4) 2.739%. 3.691, 3.687 keV 





SiKa,, Kaj; CaKa,, Ka, Krlg,, RbLB, SnLB,, NpNg, 
1.741, 1.739, 3.691, 3.687, 1.734, 1.752, 3.662, 3.664 





TABLE V 
Capability of Characteristic X-ray Peak 
Detection with Varying Sensitivity 





Sensitivity X-ray Lines Detected. Sample - C,S* 





O<5 AlKa,, Ka,, Sika, , CaKa,, Ka,, KB,; FeKa,, Ka, 





0 AlKa,, Kay, SiKa,, CaKa,, Ka,, KB,; FeKa,, Ka, 





Sika,, CaKs,, Ka,, KB, 





230 Sika, CaKa,, Kay, KB, 





Geometrical factors--tilt and take-off angles, and working distance are 
usually governed by the design of the instrument and ZAF correction program 
being used. The ISI DS 130 SEM and the MAGIC V ZAF program (9) dictates the 
use of 35 mm working distance, 0° tilt, 60° incidence angle and 74.3° X-ray 
emergence angle. 

Standardization is critically important for quantitative micro-analysis. 
Wittry (10) and several other workers support the use of pure elemental 
standards for accurate quantitative EMPA, whereas another school of workers 
(11,12) favors standard compounds with compositions similar to the unknown 
being analysed. In case of cement analysis, it is not possible to obtain pure 
element standards for Na, Mg, P, S and K. Hence binary or ternary compounds 
of these elements in their purest forms need to be used as standards in place 
of pure elements. For our analyses four standards were used, namely (i) NBS 
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soda lime glass standard No. 621 containing Si, Ca, Mg, Na and K in their 
oxide forms, (ii) an FeS standard, (iii) an A1PO, compound and (iv) an NBS 
Waspaloy 1207-1 containing Mn, Cr, Ti in their elemental forms. 

Either a pure element standard or a compound containing the elements of 
interest may be used, with precaution that the standard contains the 
element(s) in greater quantity than in the sample to be analysed. 

Sample surface effects, in general, cannot be corrected for, and 
therefore a good flat, electrically conductive specimen surface is critically 
important for accurate analysis. Resin-impregnated polished and carbon coated 
clinker specimens have been successfully used in quantitative microanalysis 
(1,2,13). Polished clinker samples, however, introduce the difficulty of 
recognizing grains of different phases in the clinker. Ghose and Barnes (2) 
suggested a light ion-etching of the surface for a better delineation of 
grains. lJIon-etching tends to introduce an overall irregularity of the 
surface, and is also a time-consuming process. We found selective chemical 
etching to be a rapid and convenient method of phase recognition, without 
destroying the planarity of the clinker surface. After polishing the clinker 
it was soaked in a solution of KOH and sucrose (KOSH) for 5 minutes (14). 
This leached out the CA and the C,AF phases from the clinker (Fig. 3). A 
series of line profiles across the grains shows that reasonable flatness is 
maintained even after the KOSH treatment (Figs. 4a and b). After grain 
analyses of C38 and c,S, another polished sample of the same clinker was 
treated with maleic acid (15) for 10 minutes to remove the silicates. Once 
again, a line profile across the section shows that reasonable flatness is 
maintained (Fig. 5). Analyses of C3A and C,AF grains were then undertaken on 
the maleic acid treated sample. Owing to the much smaller size of C3A and 
C,AF grains (Fig. 5), there are limitations as to the precision of analysis of 


these grains. 


TTI F Sag HERS KOSH me 
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A clinker section polished and later etched in a solution of KOH and 
sucrose (14) to remove the interstitial phases (C3A and C,AF). 


Finally, accurate quantitative microanalysis necessitates ZAF corrections 
on the data collected. Several standard correction programs are available 
(9,16,17,18) for implementing these corrections. Usually, the manufacturer 
supplies a suitable package program for the user. Table VI illustrates the 
results of three different clinkers obtained from two different ZAF correction 
programs, FRAME and MAGIC V. 
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(a) A magnified view of the same clinker treated in KOSH. 
(b) Line profiles along the large grain between 1-1’, 
2-2', 3-3°, 4-4€° and 5-5’. 
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CONCLUSIONS 


It has been demonstrated that high level of accuracy can be obtained in 
an SEM-EDS analysis of cement clinker phases if the correct experimental 
conditions are selected. This is not fully routine, however, and workers 
attempting quantitative analysis of cement phases must devote some time in 
experimenting on the optimal experimental parameters for the particular 
instrument. 

The advantages of etching have been reaffirmed. KOH and sucrose 
solutions removed the interstitial phase, allowing cleaner analysis of C3S and 
C,s grains. Similarly, removal of the silicate phases by leaching in a 
solution of maleic acid, allows cleaner analysis of the CzA and C,AF, in ech 
case reducing the chances of inadvertent sampling of neighboring grains. 
Recognition of grains thereby becomes much easier. 

Limitations are imposed due to the effective beam size, and grains 
smaller than 2 pm cannot be analyzed. This imposes restrictions on the 
analyses particularly of the interstitial matrix. The present study has been 
successful in analysis of the silicates; and despite their small size has 
achieved resolution and analysis with moderate success of even the 
interstitial phases, C3A and C,AF. 


ACKNOWLEDGEMENTS 


One of the authors (SLS) wishes to acknowledge the financial assistance 
and leave trom the University of Ilorin, which enabled him to participate in 
the research programme at the Materials Research Laboratory, The Pennsylvania 
State University. Thanks are also due to Dr. D.W. Strickler of the Materials 
Research Laboratory for his technical assistance, and to the Atlantic Cement 
Company for partial support, and supplying clinkers. This research was 
partially supported by the National Science Foundation under Grant No. NSFCPE- 
8112821. 


ae Ae AM 


> «! 


AT &o 
1.19Kx —SgeTage 147g 


FIGURE 5 
A different section from the same clinker, treated with maleic 
acid (15) to remove the silicates. A line profile across 1-1' 
indicate the planarity of the interstitial matrix. The depressed 
regions represent the C,S and C,S grains, whereas the elevated 
regions are composed of C3A and C,AF. 
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ABSTRACT 
Pastes of tricalcium silicate (C3S) and $-dicalcium silicate (CS) 23 
years old were studied by electron probe microanalysis. In both 
cases, regions consisting entirely or largely of calcium hydroxide and 
of C-S-H were distinguished on a scale of 2 - 50 um. The regions high 
in C-S-H accounted for 75 - 80 percent of the whole in the C3S paste 


and about 96 percent in the C2S paste; these values are much higher 
than those initially occupied by anhydrous starting materials. Within 
the high C-S-H areas, no campositional variation was detected that 
could have corresponded to the so-called inner and outer hydrates. 
The ratio of mean Ca to mean Si in the high C-S-H areas was found to 
be 1.72 for the C3S paste and 1.78 for the C2S paste with an exciting 
beam energy of 10 keV. 


Introduction 


Previous electron probe (EPMA) or scanning electron microscope (SEM) 
microanalyses of the calcium silicate hydrate (C-S-H) formed in tricalcium 
silicate (C3S) pastes cured at ordinary temperatures have given Ca/Si ratios 
of 1.44 to 1.9 (1-9). Rayment and Majumdar (7) showed that the apparent Ca/Si 
ratio increases with the accelerating voltage of the electron probe, and 
attributed this to close admixture of the C-S-H with calcium hydroxide (CH) or 
unreacted C3S. With an increase in voltage, the volume analyzed became 
larger, and the probability of analyzing C-S-H free from these other phases 
decreased. Fig. 1 shows that variation among the other results in the 
literature can largely be explained in the same way. hatterji (8) also 
concluded that the C-S-H was intimately mixed with CH and estimated its Ca/Si 
ratio by extrapolating the high Si tail of the Si/Ca distribution to zero 
frequency. These interpretations of the data give Ca/Si ratios of 1.4 to 
1.6. Analytical electron microscopy (AEM), in which a much smaller volume is 
analyzed, indicates marked compositional variation among particles but gives 
similar mean Ca/Si ratios (1.43 to 1.66) for C3S pastes (10-11) and samewhat 
lower ones (1.34 to 1.41) for C2S pastes (12). 
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> No comparable EPMA or SEM data 
7 for B-C2S pastes appear to have been 
reported. For C3S pastes, there is 
uncertainty regarding the relations 
between composition and = micro- 
structure on the 2 to 50 um scale, 
including, for example, whether the 
campositions of the so-called inner 
and outer products are different, or 
how the microstructure at this level 
is related to that of the fresh 
paste at the time when mixing was 
complete. The object of the present 
re n n n 1 work was to obtain such information 
Sw. “eae. for mature C3S and 8-C2S pastes. 
Accelerating Voltage (kV) 


NO 
om 








Reported Ca/Si Ratio of C-S-H 


Exper imental 





FIG. 1 
The pastes were prepared at the 


Reported Ca/Si ratios of the C-S-H Portland Cement Association Research 
in calcium silicate pastes, plotted and Development Laboratories (13) 
against the accelerating voltages and were 23 years old when examined. 
used. Reference numbers as in text. They had water/solids (w/s) ratios 
Data are for C3S pastes except for of 0.45 and had been stored moist at 
No. 12, which is for a B-C2S paste. 25%. The Blaine specific surfaces 
were 266 and 448 m2kg~1 for the C35 
and C9S pastes, respectively. The 
designations given by the Portland Cement Association were C80A-4525 for the 
C3S paste and C85A-4525 for the C9S paste. Those of the anhydrous starting 
materials from which the pastes had been prepared were B94 for the C3S and B91 
for the C7S. X-ray diffraction for both pastes showed only CH and C-S-H, with 
no detectable unreacted starting materials. 


Surfaces were prepared by cutting slices about 2 mm thick with a diamond 
Saw and polishing, ultimately on a synthetic fiber cloth impregnated with 0.5 
um diamond from an aerosol spray. The surfaces were coated with layers of 


carbon 20 nm thick. 


The specimens were examined in an electron microprobe equipped with an 
energy dispersive X-ray spectrometer (EDS). The take-off angle was 40°. For 
spot analyses, the accelerating voltage was 10 kV, the counting time 100 s, 
and the probe current 1 na. As a standard, NBS standard glass K41l (SRM 1470) 
was used. Matrix corrections were applied by the use of the NBS theoretical 
correction procedure, FRAME C (14). The instrument could be programmed to 
analyze a series of spots at intervals of 1, 20r 5um, either in a _ linear 
traverse or in a two-dimensional grid. The calibration was checked before 
every such series of analyses. In area scans, tor greater excitation, the 
accelerating voltage was 15 kV and wavelength dispersive spectrometers were 
employed. Areas on the resulting micrographs were estimated by point counting 
and with a camputer-controlled measuring device. 


After a series of spot analyses, markings were normally observed on the 
specimen and dosage tests were carried out to find whether any systematic 
change in either atomic ratio or totals occurred during exposure to the beam. 
During times of up to 270 s, the totals decreased markedly but the Ca/Si ratio 
either remained constant within experimental error or tended to decrease; 
thus, in a test with successive exposures of 10, 20, 40 and 200 s, the totals 
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(weight fractions of CaO + SiOz) were .726, .696, .617 and .551, and the Ca/Si 
atom ratios were 1.80, 2.06, 1.82 and 1.83. These results differ fran those 
of Rayment and Majumdar (15), who found that Ca/Si tended to increase under 
Similar conditions. In the present work, the use of the EDS permitted 
analysis at low beam currents (1 na), which may explain the difference in this 
observation on the influence of beam damage. 


Results 


X-Ray Area Scans 





Secondary electron images of the C3S paste (Fig. 2a) showed rough and 
smooth areas, which were visible also in the light microscope. X-ray area 
scans (Fig. 2b and c), supported by subsequent spot analyses, showed that the 
rough areas consisted largely of CH and the smooth ones largely of C-S-H. 
Fram the point counts and area measurements, the CH areas constituted 20-25 
percent of the whole. They were discontinuous, tended to be elongated, and 
were typically 5-30 um in longest dimension. The high C-S-H areas were 
continuous, and tended to be equidimensional and up to approximately 50 um in 
longest dimension. Broadly similar results were obtained for the B-C2S paste, 
but the high CH areas were much fewer in number and made up only about 4 
percent of the whole. They tended to occur in clusters (Fig. 2d) and could be 
distinguished on X-ray area scans but not on secondary electron images or in 
the light microscope. 


FIG. 2 
Electron Microprobe Results. 


(A) - (C) relate to the same 
area of the C3S paste: 

(A) Secondary Electron Image 
(B) Si X-ray Image 

(C) Ca X-ray Image. 


(D) Si X-ray image for the 
8-C2S paste. 


In the X-ray images, light 
areas denote high concent- 
rations of the specified 
elements. 
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Spot Analyses 

The results are given in Fig. 3 and Table 1. For the C3S paste, the 215 
spot analyses were made in 7 separate traverses at 1 um intervals, and their 
positions were biased towards the high C-S-H areas. For the §8-C2S pastes, 
the 418 spot analyses were made in 7 traverses, 3 grid scans and same extra 
points, at a mixture of 1, 2 and 5um intervals, and in positions selected at 
random. The frequency distributions of Ca/Si ratio (Fig. 3) were bimodal, 
with peaks corresponding to the high C-S-H and high CH areas. For the C38 
paste both peaks were well defined, but for the C2S paste the high CH peak was 
only slightly above background. The poor definition is due partly to the low 
relative total area of the high CH areas, and partly to the fact that, within 
these areas, the Ca/Si ratios tended to be lower than in the case of the C35 
paste; the 80 points in this group for the C3S paste included 40 with Ca/Si > 
10, but of 70 such points for the C2S paste, only 8 had Ca/Si > 10. 
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FIG. 4 


Frequency distributions, for uniform Typical profiles of Ca/Si ratio, for 
intervals of Si/Ca ratio, for the (A) the C3S paste and (B) the 8-C2S 
atomic ratios in the C3S paste (215 paste. 

analyses) and the 8-C9S paste (418 

analyses). 


TABLE 1 
Results of Electron Microprobe Analyses for C3S and 8-C2S Pastes 


Point " No. of Mean Mass Fractions Atom Ratio 
Paste Category Points Cw (Ca) Cw (Si) 6 baad Mean Ca/Mean Si 


C3s All me . 4 .733 
High C-S-H —s .716 

High CH 470—Os .762 

CoS All Cae .744 
High C-S-H m2 .739 

High CH 437, 771 


*High C-S-H and High CH defined as having Ca/Si > 2.1 and < 2.1, respectively. 
Cyw(Z) = Mean [Cy(CaO) + Cy(Si02)], where Cy denotes the weight fraction. 
Within the high C-S-H areas, the variation in Ca/Si ratio appeared to be 
almost campletely random; Fig. 4 shows results for two typical traverses. 
Apart from a slight tendency for the Ca/Si ratios to increase close to the 
boundaries with the high CH areas, there was no systematic difference between 
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the centers and the peripheral parts of the high C-S-H areas, though, very 
occasionally, regions were found in which Ca/Si was consistently low for 
distances of a few um on the traverses, or over areas a few um in each 
direction on the grid scans. 


Discussion 


Microstructure 


The areas described here as_ high C-S-H and high CH do not agree with 
those initially occupied by anhydrous’ starting materials and water 
respectively, as calculated from the w/s ratios and densities, and therefore 
cannot be identified with the inner and outer products. For the C3S paste, 
ignoring any entrapped or entrained air and any small change in the total 
volume during curing, the volume fraction initially occupied by water was 
0.59, but that represented by the high CH areas, as found in the present 
experiments, was 0.20 - 0.25. For the C9S paste, the corresponding values are 
0.62 and 0.04, giving an even greater difference. On the other hand, the 
extents of the high CH areas agree well with those calculated for CH from the 
w/s ratio and the mean Ca/Si ratios of the high C-S-H areas. Taking the 
latter as 1.72 for the C3S paste, the calculated volume fraction of the high 
CH areas is 0.24, while for the C2S paste, assuming mean Ca/Si = 1.78 for the 
high C-S-H areas, the corresponding value is 0.06 . It is implicit in these 
calculations that the porosity resides entirely in the high C-S-H areas, and 
that the small amounts of Si in the high CH areas can be ignored. 





At least for the C3S paste, the high C-S-H areas are of such a size 
distribution that they could be centered on the larger grains of the anhydrous 
materials at the time of initial setting although there is no proof of this. 
The above volume comparisons require, however, that they also include 
Substantial regions initially occupied by smaller anhydrous grains and by 
water. Together with the absence of any systematic difference in Ca/Si_ ratio 
between different parts of these areas, this implies that there is no 
difference between inner and outer products that can be detected by the 
methods used. Rayment and Majumdar (15) recently reached the same conclusion 
for mature cement pastes, though they found that a difference did exist for 
younger pastes. These results imply that substantial rearrangement of the 
microstructure occurs over a period of years. 


Ca/Si Ratio of the C-S-H 


The present results are campatible with the hypothesis (7,8) that the 
C-S-H has a Ca/Si ratio of about 1.5 and that higher values arise fram 
admixture with CH on a_ scale samewhat below lum. Same preliminary Monte 
Carlo calculations for interaction volumes (16) yielded results campatible 
with this view. For pure C-S-H, assumed to be of composition Cj .5SH],5 and 
density 2520 kg m3, nearly all the X-rays are generated within a _ region 
about lum across and lum deep. In order to determine the effect of 
incorporating fine scale CH into the C-S-H, a calculation was performed for a 
Slab of CH with a width of 50 nm and of infinite extent, placed in a matrix of 
C-S-H. With the electron beam centered on the slab and parallel to its sides, 
the Ca/Si ratio was calculated to be 1.92. Note that in these calculations 
the effect of porosity was ignored. 





This same hypothesis also explains the variation in observed Ca/Si_ ratio 
with accelerating voltage and the analytical electron microscope results, and 
is possibly the most satisfactory explanation of all the available data. 
However, the existence of CH closely admixed with the C-S-H has not been 
directly demonstrated except in the case of cement pastes of low w/c ratio 
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(17). There is also a problem in reconciling the hypothesis with most of the 
quantitative determinations of CH by thermal, X-ray diffraction or chemical 
extraction methods that have been reported in the literature. These tend to 
indicate Ca/Si ratios of the C-S-H similar to those found here for the high 
C-S-H areas, i.e., about 1.7 and 1.8 for the C3S and C2S pastes respectively. 


Mass Fractions of the Elements 


The mean totals [Cyw(r)] found for the high CH points were 0.76-0.77 
(Table 1), in good agreement with the theoretical value of 0.76 (= 56/74) for 
pure CH. For the high C-S-H areas, it is difficult to estimate the proper 
contribution from the water because of the uncertainty as to how much is 
retained under the conditions of the analysis, but the mass fraction is most 
unlikely to exceed ca. 0.16; this would mean totals of, at most, 0O.86-0.90, 
well below theoretical. Plots of the observed totals of CaO + Si0> against 
Ca/Si for individual points in both C3S and C 2S pastes showed positive 
correlations with the totals falling from about 0.8 at Ca/Si = 1.9 to about 
0.6 at Ca/Si = 1.5. The reason for these low totals is not clear, but may lie 
in the high porosity associated with the C-S-H, perhaps due to the filling of 
pores near the surface with low atomic number impurities, such as organic 
material from specimen preparation. The decrease in total observed on 
prolonged exposure to the beam is consistent with this explanation. 
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ABSTRACT 

This study describes the effect of several clinker melt phases on the 
kinetics of tricalcium silicate (C3S) formation. At a given burning tempera- 
ture, a maximum amount of C3S was apparently formed for a given melt. The 
iron-rich melt phases promoted the consumption of lime and the rate of forma- 


tion of C35 in the order CoF > Cy4AF > CgAoF > C3A. Results of the microprobe 

analyses of C3S and melt phases suggest that iron and alumina entered the C3S 

lattice during clinkering. Silica also apparently entered the melt phase, al- 
though conclusive evidence could not be obtained. 


I. INTRODUCTION 





The presence of even small amounts of liquid phase is known to increase 
the rate of reactions between solids. This is especially important in hetero- 
geneous systems, such as mixtures of raw materials used in cement production, 
in which the reactivity depends on the composition, proportions, particle 
size, and other properties of the reactants. The properties of the liquid phase 
formed are also of great importance 1,2); composition, viscosity and sur- 
face tension, for example, which are all temperature-dependent and interrelated. 
The above parameters determine the rate of ionic diffusion between the reactants, 
formation of nuclei, and the crystal growth processes; together, these processes 
control the overall kinetics of reactions. 


The liquid phase formed during Portland cement clinker formation 
is composed primarily of calcium aluminates and ferrites, with dissolved lesser 
amounts of CaO, MgO, Si09, and alkalies. The effects of aluminum, iron and 
other oxides on the burnability of clinker and clinker materials have been studied 
recently by several authors. (3-7) It is known that an increase in the iron 
oxide to alumina ratio of the kiln feed increases the rate of tricalcium sili- 
cate formation. However, the real composition of the interstitial phase at the 
beginning of C3S formation (1300°C) is unknown as it changes with variables 
such as kiln feed composition. Thus, it is not clear if it is the Al903/Fe 03 
ratio of raw feed or the actual melt composition which has the largest effect. 
Furthermore, although it is well known that tricalcium silicate contains elements 
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that form the liquid phase, the exact relationship between liquid phase composi- 
tion and tricalcium silicate microcomposition has not been investigated. 


Here we report preliminary results of a study designed to look at the 
influence of the liquid phase on the kinetics of formation of tricalcium sili- 
cate, its composition, and reactivity. 


II. EXPERIMENTAL 





To assess the effect of melt composition on the kinetics of tricalcium 
silicate formation, several melt phases were prepared separately. These were 
then finely ground and blended with mixtures of 3Ca0O + SiO» in varying amounts. 
The formulations were compacted by isostatic pressing (35,000 psi) and then 
clinkered at 1450°C or 1550°C for periods up to 180 minutes in an electric fur- 
nace (Rapid Temperature Furnace, CM Inc., Bloomfield, New Jersey). The maximum 
temperatures were reached in less than 30 minutes, and it was assumed that in 
this short time the reaction between melt and calcium silicates did not occur. 
After the desired burning period, samples were cooled to 1250°C and then air- 
remeng t t room temperature. Free lime was determined by an improved analytical 
method, while C.S was determined by quantitative X-ray diffraction as 
previously described. (9) Melting temperatures of the fluxes were determined 
using a Leitz Heating Microscope. Microanalyses were performed using a JEOLCO 
50x electron microprobe or JEOL JSM 35C scanning electron microscope with energy 
dispersive spectroscopic capabilities. In both cases, an in-house computer 
program was used for ZAF corrections and calculations of composition from the 
raw data. 
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RESULTS AND DISCUSSIONS 













KINETICS OF FORMATION 





A. 






Data presented in Table 1 show that consumption of calcium oxide is a 
function of three variables: burning time, amount of liquid phase, and composi- 
tion of liquid phase. In addition, the burning temperature was confirmed as a 
fourth variable (Fig. 1). Residual free lime is usually taken as a measure of 
tricalcium silicate formation and this was checked by the direct determination 

of tricalcium silicate which was found to be monoclinic. Some results are present- 
ed in Fig. 2 confirming the relationship. The following observations can be 

made: 













At a given temperature and time a maximum amount of C35 is 
apparently formed for a given melt (Fig. 2). Increasing the 
melt content does not form greater amounts of C3S. This 
behavior has been reported previously. 9,10 









As expected, increasing the burning temperature acceler- 
ates the formation of C3S. Even the iron-free melt causes 
rapid consumption of free lime at 1550°C. 










The iron-rich melts promote the consumption of lime and the 
rate of formation of tricalcium silicate. The order is approxi- 
mately in line with the proportion of iron oxide, i.e., CoF > 
CyAF > CgAoF > C3A. However, the alumina-free melt, CoF, was 
only slightly more effective than Cy,AF. This finding suggests 
that the A/F ratio in the raw feed is not only controlling 

the amount of liquid phase, (3) but also its reactivity with 
regard to forming C3S. 
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¢ The maximum levels of C3S reached varied with different melts. 
This suggests that some of the silica must enter the melt phase 
as would be expected from microanalyses of cements. > 
Attempts to confirm this are described in the next section. 









Table 1 


Kinetics of Free Lime Consumption at 1450°C in the 
Presence of Various Melt Compositions 
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Fig. 1. Effect of burning temperature and time on 
the consumption of Ca0. 
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Fig. 2. Formation of C3S as a function of melt composi- 
tion, melt addition, and firing time at 1450°C 
(A=C3A; B=CgA7F; C=C4AF; D=C9F). 


B. MICROANALYSES OF C3S AND MELT PHASE 


Three samples were chosen for microprobe analyses of individual 
C3S grains. All samples contained 10% of melt phase and were fired at 
1450°C for 60 min. The results are shown in Table 2. It can be seen that 
the C3S grains incorporate small amounts of alumina and iron oxide. 
The levels reflect the composition of the melt phase and are similar to values 
determined for actual cements. (11,12) The values appear to be close to 
the solid solution limits for C38. 


One might expect therefore that some silica would be contained 
in the melt phase, as suggested above. Microanalyses showed the presence of 
silica (5-10%) in the melt phase which surrounded the C3S grains. However, 
because of the small width of the melt boundaries and the spread of the 
electrons within the material, at least part of that silica can be attributed 
to the adjacent C3S grains. If all the silica is assumed to come from the 
C3S then microanalyses give the following results: CyAF = Cy4A}.99F 1-15 and 
CoF = CoFj.31- The analysis of CgAoF gave only CéA2-07FoQ-65- These calcu- 
lations give C/(A+F) ratios less than 2, but if about 2-3 wt % silica is 
assumed to be in the melt phase (11,12) then the ratio becomes much closer to 
2. An attempt was made to obtain bulk analyses of the melt phase by dissolv- 
ing the C3S grain in methanolic salicyclic acid solution. Again, although 
residual silica was determined, quantitative dissolution of the C3S apparently 
did not occur. It was noted that neither the melting point nor the lattice 
parameters of the melt phases had apparently changed after firing. Thus, it 
can be concluded that if silica does enter the melt phase its concentration 
remains fairly small and does not significantly affect the bulk properties 
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Table 2 


Microprobe Analyses of Various C3S Preparations 

















No. oft Average Oxide Analyses (wt %)* 
Melt Phase Grains Method of 
Present Analyzed Analysistt CaO Sid Al903 Fe 703 TOTAL 
+ 
Ce AoF TO) MP 70.66 Deas Les? £507 97.18 


(1.32) (1.60) (0.48) (0.32) (3.08) 


6(2) MP 71.01 24.84 1.46 1.10 98.43 
(1.22) (0.97) (0.57) (0.35) (1.58) 


4(0) SEM 71.52 24.02 0.97 0.86 97.38 
(0.38) (0.62) (0.13) (0.08) (1.09) 


C,AF 7(0) MP 69.71 23.99 0.85 Lok? 96.08 
(2.32) (1.37) (0.25) (0.18) (2.83) 


5(2) SEM 72.24 25.00 0.90 LelS $9202 
(0.33) (0.25) (0.20) (0.06) (1.04) 


CoF 10(1) MP 71.06 25.01 0.18 Ls52 97.76 
(0.76) (0.73) (0.18) (0.43) (1.40) 













4(0) SEM 71.72 24.27 0.00 1.40 97.39 
(0.85) (0.69) (0.16) (1.25) 






























Standard deviations in parentheses. 
t The number of grains in parentheses were identified as C2S and thus 
not included in the analysis. 
tt MP = microprobe, SEM = SEM-EDS system. 
Except for one sample all totals exceeded 97% 


of the melt. Methods are being explored to compare the reactivity of C3S 
prepared under different conditions. 


IV. 





CONCLUSIONS 





Increasing the iron content of the melt phase up to about C,AF 
composition increases the rate of formation of tricalcium silicate. The 
amount of melt phase as well as the time and temperature of clinkering 
also affect the kinetics of C3S formation. Iron and alumina enter the C358 
lattice during clinkering in amounts reflecting their relative concentra- 
tions in the melt. Silica also apparently enters the melt phase, 

although conclusive evidence could not be obtained. 
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+ ABSTRACT 


The influence of gluconate, lignosulfonate or glucose at 0.1-0.37 
dosages on the C3A hydration in the presence of gypsum with or 
without lime has been examined. In the presence of lime all the 
admixtures at 0.3% dosage stabilize ettringite and retard its con 
version to monosulfate; only 0.3% glucose retards gypsum consump- 
tion and ettringite production. In the absence of lime stabiliza- 
tion of ettringite by admixtures at 0.3% addition appears to be 
much less effective; no admixture is able to retard the ettringi 
te production or gypsum disappearance. At 0.1% addition, the in- 
fluence of admixtures seems to be negligible except when glucose 
is used in the presence of lime: in this case, the conversion of 
ettringite into monosulfate is retarded. 













Introduction 













Gluconate, lignosulfonate and glucose are the most widely used raw 
materials in the production of water-reducing admixtures for concrete. They 
also retard the early hydration of portland cement. As C3A* affects setting 
and early hydration of portland cement, many works have been devoted to the 
influence of water-reducing admixtures on C3A hydration. Most work has been 
devoted to the influence of these admixtures (generally at relatively high 
dosages in comparison with those used in practice), on the hydration of pure 
C3A without lime and/or gypsum (1-12). However, C3A in a cement will react 
with an aqueous solution saturated with CH, produced by C3S hydration, and 













* A = Al203; C = CaO; S = $309; S = S03; H = H90; C = C09 
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CaSOq - 2Ho0. Therefore, it_is very surprising that the effect of water-reduc 
ing admixtures on the C3A-CSH2-CH-H40 system has not been adequately studied. 
Only the effect of commercial lignosulfonate on this system has been examin- 
ed (1, 13). Moreover, as these admixtures strongly retard the C3S hydration 
(14), the aqueous solution in contact with C3A in a cement could be saturated 
with gypsum but not with lime for a certain period of time. Thus, it should 
be useful examine also the effect of these admixtures on the C3A-CSH2-H20 
system. Again, very few papers (2, 15), only concerning lignosulfonate, have 
been devoted to this subject. 


The purpose of the present work is to study the effect of gluconate, 
lignosulphonate or glucose on C3A hydration in the C3A-CSH5-H20 system in the 
presence or absence of lime. 


The hydration of C3A in this system occurs in three successive stages 


Stage I C3A reacts with H»0 and CSH2 producing ettringite according to 
equation [1] 
C3A + 3CSHp + 26 HD ——*C3A - 3CS + H39 Li 


Stage II When CSH> has been consumed, the transformation of ettringite 


into monosulfate occurs according to equation [2] 


203A + CoA + 3CS » H3p + 4Hp0 —m3 CaA - CS - Hy2 [2] 


Stage III The remainder of the C3A reacts with Ca(0H)> and monosulfate to 
form a solid solution, according to equation [3] and the rest combines with 
CH and H90 forming C4AH]9 according to equation [4] 


C3A + xCH + (1-2) Ce 2 ae 12cHp0—eC3A + wCH-(1-x)CS-Hy> [3] 


CoA + CH + 18H20 ——®C,AHyg [4] 


Experimental 





Tricalcium aluminate, quartz (S), sodium gluconate (NG), purified sodium 
lignosulfonate (NLS) and glucose (G) are the same as those used in a previous 
work (16). Calcium hydroxyde and gypsum were dry-mixes with the above materials 
in the proportions shown in Table I. 


Hydration of pastes with and without admixtures (0.1 and 0.3% by weight 
of C3A) was carried out at 20° C with a water solid ratio of 0.50. At hydra- 
tion times from 30 min to 7 days DTG analysis was carried out as it was 
described in a previous paper (16). In some cases XRD analysis has been carri 
ed out. 
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TABLE I 


Proportions of Anhydrous Mixes 





CSH> 





10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 














Results and Discussion 





Figure 1 shows the DTG curves of the hydration products for the C3A-CSH?2 
system in the absence of admixtures, without and with CH. The specimens exhi- 
bit varions peaks which can be attributed as follows. The DTG peak at about 
150° C with a shoulder on the right side is assigned to a stepwise thermal 
decomposition of CSH2 into CSH; and CS. The peak at about 120° C is attributed 
to the dehydration of ettringite (C3A - CS - H39), whereas the peaks at about 
200° C and 280° C are attributed to the thermal dehydration of the monosulfa- 
te. The peaks at about 500° C and 800° C are assigned to CH and CaC03 respecti 
vely. The disappearance of gypsum and the formation of ettringite (Stage I, 
@.4. [1] ) and its conversion to monosulfate (Stage 2, e.q. [2] ) are proces- 
ses which occur more rapidly in the absence (Fig. 1A) than in the presence of 
CH (Fig. 1B). These data agree with XRD results showing that the C3A disappea- 
rance in the presence of CSH2 was retarded by addition of CH. These results 


confirm the data obtained by Mehta (17) and the Forsen's results quoted by 
Taylor (18) indicating that CH addition retards the hydration of C3A in the 
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FIG. 1] 


DTG curves of the C3A-CSH5- 
system without (A) and with 
(B) CH. G = Gypsum; E = Et- 
tringite; M = Monosulfate; 
CH - Calcium Hydroxide; cc = 
calcium carbonate. 





100 300° 500 700 700" "300" 500° 700 
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presence of gypsum. According to Mehta, "colloidal" ettringite is produced in 


the presence of CH which would retard the C3A hydration in a fore efficient 
way (17). 

In the system studied in the present work, CSH2 disappears in less than 
0.5 hr in the absence of CH, and in more than 1 day in the presence of CH. 
However, preliminary tests showed that using different batches of C3A, gypsum 
combines with H and C3A with different reactions rates, possibly because of 
differences in the reactivity of C3A. This means that the results obtained in 
different laboratories using different batches of C3A may be quite different, 
even if an equal composition of the mixes is used. Therefore, the effects of 
water-reducing admixtures on the C3A- CSH2 or C3A-CSH2-CH systems obtained by 
different authors should be compared in relationship with the specific refe- 
rence mixes without admixtures used by different researchers. The peak at 
800° C is present also in the specimens without CH and it increases with the 
amount of monosulfate. It is confirmed that hexagonal aluminate hydrates are 
particularly reactive with CO? (16). 


Figure 2 shows the DTG curves of the hydration products of C3A in the 
presence of 0.3% NG and gypsum without (Fig. 2A) and with (Fig. 2B) CH. As 
no significant effect has been found in the presence of 0.1% NG the results 
are not shown here. 


In the absence of CH, it seems that 0.3% gluconate slightly accelerates 
the ettringite production (equation Li] ) during the first 30 min (Fig. IA and 
2A) whereas the subsequent conversion of ettringite into monosulfate (equation 
:2.1) is retarded. 
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FIG. 2 


DTG curves of the C3A-CSH9-H 
system in the presence of 0.3% 
sodium gluconate without (A) 
and with (B) CH. 
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In the presence of CH, the rates of ettringite production and gypsum disap 
pearance between 0 and 24 hours are not substantially modified by 0.3% NG addi- 
tion (Fig. 1B and 2B). The type of ettringite produced in the presence of CH, 
seems to protect the CA particles from hydration so efficiently that the NG 
effect becomes negligible. However, even in the presence of CH, ettringite 
appears to be stabilized by NG addition so that its conversion to monosulfate 
after 1 day is significantly retarded. This would indicate that after 1 day 
C3A disappears more rapidly in the reference mix than in the mix with NG accord 
ing to the reaction L2] . For instance, at 3 days ettringite appears still to 
be the only hydration product in the presence of NG (Fig. 28), whereas in the 
reference mix without admixture monosulfate is the predominant phase (Fig. 1B). 


The stabilization of ettringite by organic products has been ascribed to 
the penetration of organic molecules into the intercolumnar region of ettrin- 
gite crystal structure (19). 


Figure 3 shows the DTG curves hydrated in the presence of 0.3% NLS and 
gypsum without (Fig. 3A) and with (Fig. 3B) CH. No significant effect has 
been found using 0.1% NLS; therefore the DTG curves of the hydration products 
in the presence of 0.1% NLS are not shown here. 


In the absence of CH, 0.3% NLS does not affects the ettringite production; 
conversion of ettringite into monosulfate (Fig. 1A and 3A) appears to be retard 
ed only to a negligible extent. So it seems that NG retards the C3A hydration 
in the presence of CSH2 more remarkably than NLS does (Fig. 2A and 3A). Similar 
results have been obtained for the hydration of C3A without gypsum (16). Mas- 
sazza and Costa (15) and Chatterji (2) found that lignosulfonate acts as a 





M. Collepardi, et al. 











rig. 3 


DTG curves of the C3A-CSH9-H 
system in the presence of 0.3% 
sodium lignosulfonate without 
(A) and with (B) CH. 
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retarder for the hydration of C3A in the presence of CSH» and in the absence 
of CH. However, they worked in quite different experimental conditions. Mas- 
sazza and Costa (15) worked with the same CSH9/C3A and H/C3A ratios as those 
used in the present work. Moreover, the kinetics of the reactions (ettringite 
production and its conversion into monosulfate) in their reference mix with- 
Out lignosulfonate is very similar to that of the present work. However, they 
used a much higher dosage (1% by weight of C3A) of sodium purified lignosulfo 
nate and this can explain why they found a significant retarding effect for 
lignosulfonate. Chatterji (2) worked with the same CSH2/C3A ratio as that of 
our work and a lower H/C3A (= 0.6) ratio than that of the present work. He 
found that lignosulfonate significantly retards gypsum consumption, ettringi- 
te production and its conversion into monosulfate even with relatively low 
admixture dosages similar to those used in the present work. However, his C3A- 
CSH2 system without admixture appears to be remarkably less reactive than that 
of the present work as, for instance, gypsum is still present at 1 day. More- 
over, Chatterji used unrefined calcium lignosulfonate containing reducing 
Sugars and organic acids which could be responsible for the retarding effect 
at low lignosulfonate dosage (0.2 — 0.4%). 


In the presence of both CH and CSH2, 0.3% NLS affects the C3A hydration 
(Fig. 3B) to the same extent as NG does (Fig. 2B): the rate of ettringite pro 
duction during the first day is not substantially modified, whereas the tran- 
sformation of ettringite into monosulfate after 1 day is significantly retard 
ed. Similar results have been obtained by Seligmann and Greening (13) and 
Young (1) although they used higher dosages of commercial calcium lignosulfo- 


nate. 





111 
GLUCONATE, LIGNOSULFONATE, GLUCOSE, CA, HYDRATION, GYPSUM 








E 


ee Se ae 
100 300 500 700 











a a so oe 
100 300 500 700 
TEMPERATURE (°C) 


FIG. 4 


DTG curves of the C3A-CSH2-H system in the presence 
of glucose without and with CH. (A = without CH and 
with 0.3% G; B = with CH and 0.3% G; C = with CH 
and 0.1% G). 


Figure 4 shows the hydration products of C3A in the presence of G and 
gypsum without (Fig. 4A) and with (Fig. 4B and C) lime. 


In the absence of CH, 0.3% G does not changes significantly the ettringi 
te production; the transformation of ettringite into monosulfate appears to 
be retarded to a negligible extent (Fig. 1A and 4A). Similar results have been 
obtained using 0.1% G. 


In the presence of CH, 0.3% G remarkably retards the ettringite produc- 
tion and gypsum disappearance (Fig. 4B). Consequentely, the transformation of 
ettringite into monosulfate is delayed. For instance, at 3 days monosulfate 
is the predominant hydration product phase in the C3A-CSH2-CH-H system with- 
out admixture (Fig. 1B), whereas ettringite and gypsum are still present in 
the presence of 0.3% G (Fig. 4B). In the presence of a lower dosage (0.1%) 
of glucose, ettringite only is present at 3 days (Fig. 4C). At 7 days, mono- 
sulfate is not yet present when a high dosage (0.3%) of glucose is used (Fig. 
4B), whereas it becomes the predominant phase in the presence of a lower 


amount (0.1%) of glucose (Fig. 4C). 
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Conclusions 


At 0.1% addition, the effect of gluconate and lignosulfonate on the C3A 
hydration in the presence of gypsum appears to be negligible, whether lime is 
present or not. At 0.1% dosage, glucose retards the conversion of*ettringite 
into monosulfate only in the presence of lime. 


At 0.3% addition, in the absence of lime all the admixtures retard the 
conversion of ettringite into monosulfate to a small extent; no retardation in 
the ettringite production or gypsum consumption is caused by all the admixtu- 


res. 


At 0.3% addition, in the presence of lime all the admixtures stabilize 
ettringite and retard its conversion; only 0.3% glucose retards ettringite 
production and gypsum disappearance. 
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ABSTRACT 


A two dimensional finite element computer model for predicting 
frost penetration in saturated porous materials is presented. 
Based on available second order parabolic differential equations 
for predicting temperature and moisture content, and equations 
relating freezing temperature and water potential, the finite 
element model predicts temperature, water and ice content, frost 
penetration, and generated pore water pressures as a function of 
freezing time and given boundary conditions. Comparison of 
models results with available experimental data for mature cement 
pastes rendered reasonable agreement between the model and data. 


Introduction 





The problem of determining the acceptability of aggregates for 
use in portland cement concrete and the durability of concrete which 
is subjected to freezing and thawing, cyclic wetting and drying, and 
other forms of climatic exposure is of continued concern to material 
engineers world wide. Phoenomena like D-cracking and scaling in 
concrete and heaving in soils are all known to be partly of fully 
caused by a combination of moisture movement and freezing of the water 
in the pore space. 


Existing testing procedures for freeze-thaw durability can be 
grouped in two general categories: 


1. Tests based on environmental simulation 
2. Tests based on aggregate properties 


In some instances an interaction or combination of the two test 
categories may exist (1). The two test categories are, however, 
either lengthy to perform or excludes important variables influencing 
the freeze-thaw durability (2). In order to improve the prediction of 
freeze-thaw durability of concrete and aggregates a mathematical model 
has been constructed. The model predicts temperature, water and ice 
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content, frost penetration, and generated pore water pressures as a 
function of freezing time. As assumptions the model have saturated 
condition of the materials and confined freezing. 


Model Development 





The mathematical model of the freezing of aggregates and concrete 
was developed based on a finite element formulation of the following 
two second order parabolic differential equations for predicting 
moisture content and temperature (3, 4): 


a Ke _ Pi ag 

ig 8 OT +) a ee (1) 
Fos tea ag 
Cae Vl ee (2) 


The procedure used to solve Equations 1 and 2 is similar to that 
described References 5-8. (Symbols used in all equations are defined 
in Appendix I). It should be noted that numerical problems might 
occur if the moisture content during freezing is too close to 
saturation. This is caused by the slope, 39/3P, in Equation 3 being 
indefinite at that point. A way to eliminate this problem is to use 
K 
0 = a 
6 936/aP (3) 





Darcy's equation directly (Equation 4): 





06 p 


i ag 
0 ot (4) 


In solving Equations 1 and 2 the equations are coupled in the 
following manner. The water content calculated by Equation 1 are 
related to temperatures calculated by Equation 2. The specific 
relationship that makes the coupling possible is given by a 
temperature - water content curve which in turn has been produced from 
a combination of a temperature suction curve and a_= moisture 
characteristic curve. These relations are discussed further in the 
following section. The iterative solution scheme proceeds during a 
time step as follows: 





—= vD,V7 + V(K.V P) - 


Solve for temperature at grid point 
Solve for water contents at grid point 
Compute ice contents at grid points 
Calculate values of ., c, L, Dp, D 


> WP — 
. we @: @ 


T at grid points 


5. Select time interval for the next time step 


After calculating temperatures, the moisture and ice contents are 
also calculated and compared to the values computed using Equation 1. 
The final values of moisture and ice contents are those which are the 
highest and lowest respectively indicating the limitation of either 
the amount of ice to be formed or the possible amount of water 
movement towards the ice front. 


Temperature-Water Content Relationships 





Since porous materials like concrete and aggregates generally 
contain a wide distribution of pore sizes, not all pore water freezes 
at a given temperature. This is due to a lowering of the freezing 
temperature with a decrease in pore size, a concept well known as the 
freezing point depression (9, 10). Then, knowing the relationship 
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between freezing temperature and unfrozen water content becomes 
important in the estimation of the amount of ice formed in a porous 
material. Experimental results of the relationship exists for soils 
(3), cement paste (11) and other porous building materials (13), but 
the author has been unsuccessful in finding experimental data 
specifically for aggregates alone. In addition, experiments to find 
the unfrozen water content are often lengthy to perform. Other 

methods of determining the relationship are therefore desirable. 


Fagerlund (14) has summarized the theoretical equations available 
to determine the freezing point depression for both saturated and 
unsaturated porous materials. The equations in the saturated 


condition are: 
-RTpIn (p/po) 
wiles M (5) 


2 





1099 (P/Po) = aye + Lew t 


-9.084 x 1078 T3 (6) 


Equation 5 relates the freezing temperature, T, with the suction, P, 
using the relative vapor pressure which is calculated by means of 
Equation 6. This last equation is a semi-empirical relationship given 
by Washburn (15). It assumes that the ice and the evaporable water 
are in equilibrium. It is further assumed that this is the only 
capillary condensed water, and no surface adsorbates in the pore 
system. For the freezing process of porous building materials the 
later assumption is reasonable in that the assumption is valid for 
P/P, > 0.80 corresponding to a freezing temperature of about -25°C (-13 
“F). 

In the computer program the unfrozen water content is found from 
tabulated values of either suction versus water content or relative 
humidity (vapor pressure) versus water content provided by the user. 
These tables should be easy to produce by simple sorption - desorption 
experiments or by use of the literature, thus making the estimation of 
unfrozen and frozen water content as a function of both time and 
temperature more easy and quick through use of the program. 


Hydraulic Properties 





Since drying shrinkage is often taking place in underlaying or 
surrounding areas near the primary freezing front in soils (16) the 
freezing process in porous materials can be viewed as a drying 
process. Furthermore, the technique of freeze-drying as a means of 
eliminating moisture from coffee beans and other products further 
justifies the comparison. The need for determining the change in both 
hydraulic conductivity and moisture diffusivity is then apparent. 


Elzeftawy and Dempsey (17) have established methods for 
determining these theoretically as well as practically and their 
findings have been used in the model. The conductivities are obtained 
by dividing the moisture content-suction relation into n equal water 
content increments, obtaining the suction, P, at the midpoint of each 
increment, and calculating the conductivity using the equation: 
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The first term, 0.15 Ae,/P1 , in the parantheses is taking the 
nonlinearity of the first part of the Kg versus moisture content 
relationship into account, and has been determined experimentally 
(18). 

With the unsaturated hydraulic conductivity known, the moisture 
diffusivity, Dg can be calculated using the definition of moisture 
diffusivity: 

Ke 
D5 = 30/aP (8) 





and the suction versus water content data. 


Philip and de Vries (19) have discussed the second term present 
in Equation (1), the thermal moisture diffusivity, D,. According to 
Philip and De Vries (19) Dy can be found from the following 
expression: 

ae 3S yP 
1% (9) 





where: 


(10) 











is called the thermal coefficient. In the model Equation 10 has been 
combined with the following temperature dependency of the surface 
tension, o, given by Dorsey (20): 






2 


o(T) = (l-aT-bT") 75:64 (11) 







Inserting Equation 11 into Equation 10 then gives: 






(12) 






In accordance with Dorsey (20) the values for the constants a and b 
have been set equal to 1.839 x 10°-°’and 3.97 x 10°© respectively 
representing the temperature interval 0 to -40°C (32 to -40°F). 







Thermal Properties 









In order to solve Equation 2 the thermal conductivity, heat 
Capacity, and latent heat of fusion of the porous material must be 
known. 











Although the definition of thermal conductivity is simple it 
becomes more complex during freezing when trying to estimate it based 
on known values in the nonfrozen stage. Since the material is 
composed of solid, water and ice, the effective thermal conductivity 
is a function of the contributions of each individual thermal 

conductivity on a volumetric basis: 
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Both the thermal conductivity for water, Aw. and ice, “1 . are 
temperature dependent (20). The following equations have therefore 
been developed using information from Dorsey (20): 


hw = 5.87 x 1073 (1.0 +2.81 x 1073 (T-20.0)), T in °C (14) 
47 = 0.0, T20°C ; (15) 
Mg = 2.28 x 1072 --8.0 x 10°5T, -10°CST<0°C (16) 
Ag = 2.32 x 1072 - 1.15 x 107% (T + 10.0), T<-10°C (17) 


‘ 
Kersten (21) has separated the heat capacity into an unfrozen an 


frozen part: 
100 C, + 1.0 w 





i 100 + w (18) 





: 100 C,, + 0.50 w 





i= 100 + w ‘3 


For the 2° F temperature interval between 30 and 32° F Dempsey and 
Thompson (22) used a freezing heat capacity: 





144 WYq 
Ce a “200 Y,’ Nn BTU/1b-F (20) 


The reason for the use of Equation 20 is, that in a finite element 
solution scheme (or finite difference solution scheme) the predicted 
freezing time of the moisture is larger than the actual experimental 
value in cases when only Equation 2 is used to predict the freezing 
process. A revised form of Equation 2 is implied instead in which the 
latent heat of fusion term, L3¢/3t, is elimated. Since, however, the 
latent heat of fusion is equal to: 


144 w vq , 
Se Sa 21 
Too? Sin BTU/ft (21) 


a 


Equation 20 incooperates this important parameter. 


In the model a more direct expression has been used based on 
Equations 18 and 19. An effective heat capacity is calculated using 
the following equation: 


c+ 0.059 + 1.006 
T.0+6+ 4 (22) 





C= 


where ¢ and 6 are dimensionless (cm>/cm°). To facilitate the slower 
release of heat with time (and thus a faster freezing time) the latent 
heat of fusion has been made a function of the instantaneous 
volumetric water content, rather than the total gravimetric water 
content stated in Equations 20 and 2l. After the necessary 
rearrangements of Equation 21, the following version of the equation 
becomes: 


(23) 


where the constant 1.09 takes into account the change in volume when 
water freezes. 





In the area of soil freezing, the latent heat of fusion has 
previously been regarded as a constant. From reference 20, however, 
the latent heat of fusion is found to be temperature dependent, 
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decreasing significantly with a decrease in temperature from about 
144 BIU/Ib-F at 32°F to about 133 BTU/I1b-F at 23 F. The following 
equations were therefore introduced in the model: 


333.6 + 5.02T, -5<TS0°C 

308.5 + 4.74 (T+5.0), -10STS0°C 

284.8 + 4.64 (T+10), -15<TS-10°C 
261.6 + 4.04 (T+15), -20<TS-15°C 
241.4 +3.3 (T+20), T<-20°C 


eo Hoe oF 


Freezing Pressure 


Among the most important factors influencing freezing of soils 
and other porous materials is the freezing pressure. There are reasons 
to believe that the negative pore water pressure (suction), created 
during the drying process when the liquid water is transformed to 
solid ice, plays a major role in predicting the total pressure 
generated (9, 22, 23, 24, 25, 26). Works by Powers (27, 28) indicated 
the possible existence of sufficient hydraulic pressures generated by 
the movement of an ice front in connection with the 9 percent increase 
in volume when water is freezing. As proven by Litvan (29) the 9 
percent increase in volume does not explain the freeing mechanism 
completely in that other non-expansive adsorbates still causes 
expulsion of pore liquid. The 9 percent volume increase must, 
however, add to the existing pressure, and further increase it. 





In the model then, the total freezing pressure is estimated from 
essential two components, one being the total negative pore water 
pressure generated by the removal of liquid water, Ps , the other an 
elastic accomodation pressure caused by the formation of ice, P., 
equal to (30): r 


_ 0.0968E 
" S53 (29) 


BF 
al tag cea (30) 


In the output from the program both components, PR and es are listed. 


Model Output and Capabilities 


The computer model can deliver the following output variables at 
selected geometric points as a function of time: 





1. Temperature 
2. Water and ice content 
3. Ice, suction, and total pore water pressure 


To illustrate the capabilities and application of the model, 
Figure 1 shows the predicted frozen water content as a function of 
freezing temperature for two mature cement paste Samples. 
Experimental data, indicated by the solid and broken lines, are given 
by Powers and Brownyard (26). The circles and squares represent 
values from the computer output of the mathematical model. Known 
parameters were substituted into the model based on values given in 
the literature. As can be seen, a quite reasonable agreement between 
the model and the experimental values is present. 
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Comparison of Experimental and Predicted Frozen 
Water Contents in Cement Paste Samples During 
Freezing. For Samples 15763, 10-9 and 15754, 
10-4 ‘ is 0.038 and 0.049 respectively. 










After selecting appropriate values for the input parameters the 
model can be used to analyze the influence and effect any of the 
parameters have on the freezing process. For example the influence of 
changing the desorption characteristics of an aggregate (i.e. changing 
the pore structure) can be of importance in selecting and improving 
aggregates. Since the literature contains quite a few values for the 
thermal parameters of aggregates and cement paste the freeze-thaw 
interaction between these two materials can furthermore be studied. 
Based on simple measurements of hydraulic conductivity and sorption 
characteristics rather than the lengthy freeze-thaw experiments, 
faster results can be obtained in the decision process of accepting or 
rejecting aggregates through the use of this model. 
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Appendix I 
Identification of symbols 
= Mass heat capacity of freezing material, BTU/1b-F 
Mass heat capacity of frozen material, BTU/1b-F 


ate 


Mass heat capacity of dry material, BTU/1b-F 


= 


Mass heat capacity of unfrozen material, BTU/1b-F 


vi. 03 260. Go 
os 


Volumetric heat capacity, cal /em>-C 
Volumetric heat capacity of dry material, cal /cm?-C 


= 


Thermal moisture diffusivity, cm/sec-C 
Isothermal moisture diffusivity, cm@/sec-C 
Modulus of elasticity, MPa 

Acceleration due to gravity, cm/sec” 


Saturated hydraulic conductivity, cm/sec 


wn 


= Calculated hydraulic conductivity, cm/sec 


nn 
a 


Unsaturated hydraulic conductivity, cm/sec 
Latent heat of fusion, cal /em® 
Molar weight of water, g/mole 


Pressure, MPa 


C 
Dy 
D, 
ne 
g 
K 
K 
Ke 
L 
M 
p 
p 


Internal ice pressure or tensile strength required to 


io) 


increase volume of material sufficiently to accomodate 
expansion, MPa 
he Relative humidity 
= Gas constant, J/mole-C 
Temperature, C, K, or F 
Time, sec 
Quantity of water required for a complete condenced layer 
on the solid, the layer being one molecule deep, g/g 
cement 
Gravimetric water content, percent 
Coordinate, cm 
Volumetric ice content, cm? /em* 


Thermal conductivity, cal/cm-sec-C 


Thermal conductivity of ice, cal/cm-sec-C 








nwo 
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d« = Thermal conductivity of solid, cal/cm-sec-C 
he = Thermal conductivity of water, cal/cm-sec-C 
n = Viscosity of water, g/cm-sec 


u = Poisson's ratio 

0 = Density of water, g/cm® 
o. = Density of ice, g/cm* 

y = Thermal coefficient, cv! 
Yq = Dry unit weight, Ib/ft? 

= Total unit weight, 1b/ft? 


Vt 

4 ; 3 3 
6 = Volumetric water content, cm’ /cm 
o = Surface tension, dynes/cm 

V = Differential operator 
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ABSTRACT 
Portland and white cement pastes of widely-variable water/cement 
ratios were studied after six years' hydration by means of quantita- 
tive X-ray diffractometric analysis of the CH and C-S-H gel con- 
tents. The results obtained have led to certain conclusions on the 
crystallinity and possible crystal structure of the gel. It was also 
observed that the flexural strength was considerably reduced for the 
cement pastes of lowest water/cement ratios. 


Anomalous XD effects in old cement pastes 


In a recent study of the state of crystallisation in the cement matrix 
of a very old concrete (1), the X-ray diffractometric (XD) effects from 
various particle-size fractions of the mortar were recorded and compared with 
those given by a number of pure cement pastes of different compositions, more 
or less fully-hydrated (moist-hydrated for 5 to 15 years). It was then noti- 
ced, in a series of white cement pastes of water/cement ratios (w)) between 
0.32 and 1.32 (stabilized by aerosil addition, maximum Wa. 0.05), that the 
peak heights for the 10°1 and 00°l reflexions from CH varied with Wo in es- 
sentially different ways. The 10°1 peaks were of almost constant height, as 
could be expected, with a low maximum for Wo 0.40 to 0.50, whereas the 00°1 
peak heights increased continuously and considerably with wo. The strongest 
gel peak at 20 = 2993 showed a similar increase. Since CH crystal orientation 
effects are out of the question, the XD samples being cut as 3 x $20 mm 
plates from longer cylinders, the reflexion at 20 = 1890 was interpreted as a 
CH 00°1 peak of about constant height superimposed by the basal reflexion 
from a C-S-H gel constituent, the content of which increases with wo» for 
some reason. 

In this context, the arrangement of crystal elements, silica chains in 
a frame of calcium ions, that could possibly satisfy the XD effects observed, 
was indicated, and a hypothetical structure of the C-S-H gel was given. Some 
slight evidence for the appearance of a double C-S-H fibre reflexion at about 
2Q = 50° was also presented. 
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However, because of the uncertainty of the XD data forming the basis 
of these theories (only one peak height per peak and material were observed), 
it seemed necessary to reinvestigate the matter more in detail. 


The expected composition of fully-hydrated cement paste 


The approximate composition of an average standard cement can be assu- 
med to be Co,75S, with alite:belite about 3:1. According to most of the sour- 
ces of information, the C-S-H gel formed in the process of hydration has 
a C:S ratio of between 1.7 and 1.5. A simple calculation, disregarding the 
amounts of water fixed in the gel and in CH crystals, gives a CH content in 
the fully-reacted product of between 27 and 33 per cent, the rest being 
C-S-H-gel. A similar calculation for pure C3S paste gives between 32 and 37 
per cent. 


In paste preparations with a higher water/cement ratio, it may be 
necessary to add high-surface silica (aerosil), in order to prevent excessive 
separation, up to 5 per cent or more of the cement weight. The effective C/S 
ratio would then decrease towards 2.3, and the content of CH formed would 
decrease to between 18 and 24 per cent, assuming that the C/S composition of 
the gel formed did not change. 





XD intensities of cement hydration constituents 


The CH contents of different cement pastes can be measured easily, 
provided that reliable comparison values for the XD peaks areas of pure CH 
substance can be obtained. As has been emphasized in various connections, 
certain precautions are necessary to prevent orientation of the CH crystal 
plates in the XD samples. For a chemically-pure sample with very small crys- 
tals the following values were observed. 





TABLE 1. 
XD intensity areas Yh, +] and peak widths BY/ 2 of CH peaks. 





Ynk* 1Si] B°1/2 


442 0.24 
122 0.23 
674 0.27 
257 0.32 
194 0.30 

94 0.30 























The Si unit of peak areas is (arbitrarily) determined by simultaneous 
measurement of the 2892 to 2897 total peak intensity of a standard sample of 
Si metal and assuming this to be 1 000 Si. The corresponding number of counts 
decreases slowly with time. For CH samples of other origin, the Y values can 
be generally smaller or larger by some per cents, depending on the crystal 
size and degree of crystallinity. Judging from the large and variable values 
of the peak widths (the normal value for wethl-crystallized substances with 
isometric crystals is 0°10 to 0°12) there are stacking faults of an unknown 


character in all types of CH crystals. 
The peaks of pure cement gel are not so well defined. There is a rise 


in intensity extending from about 24° to about 36°, with a total intensity 
area of about 600 Si, and with a sharper peak at slightly above 299, and also 
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a rather sharp peak, not very high, at about 50°. There are no obvious dif- 
ferences in the appereances of these peaks in portland cement or pure sili- 
cate pastes, but possibly the intensity profile of the 29° peak is slightly 
more extended towards higher angles in the belite paste, as can be seen in 
FIG 1. The records in this figure are given by plates of C3S or CoS, preser- 
ved for about 15 years in lime solution, after which time most or all of the 
CH initially formed in the paste has migrated to the surface and formed a 
crystal layer which can be easily scraped off before XD examination. 


Other C-S-H constituents resembling those present in cement pastes 
have been prepared by mixing cement with larger quantities of colloidal sili- 
ca (aerosil) and shaking the mixture in suspension or ball-milling in a slur- 
ry, for times long enough to give complete hydration, and a C-S-H product 
free from CH (or nearly so). XD records from such preparations are shown in 
FIGs 2-3. The equivalent C/S ratios in these mixtures are 0.83 (as in tober- 
morite), 1.25 and 1.54 for the 61/39, 75/25, and 85/15 cement/silica mixes, 
respectively. The XD peaks given by the gel are in general similar to those 
given by old pastes of pure constituents, possibly with somewhat lower inten- 
sities for the 50° peak. 


By counting squares in careful records from old C3S and alite pastes, 
in the 28°0 to 3190 and 4990 to 5194 ranges, deducting the overlapping CH 
reflexions and correcting to 100 per cent gel by applying a factor for CH 
content, obtained from the 3491 CH reflexion, the following table for gel peak 
intensities has been obtained. 


“ 


Small quantities of the anhydrous constituents in cement pastes, 
possibly still present after many years of hydration, can be best detected by 
the presence of the incompletely - resolved doubiet at 32°2 and 3296, with 


initial 100 per cent intensities of about 350 Si for alite, and 500 Si for 
belite. In belite pastes, weak indications of these peaks have occasionally 








FIG 1 XD records of sélected 20 
ranges for pastes, 15 years” 
hydrated (CH partly removed), 
of C3S 0.80 (——), C38 
1.25 ie and beta-C2S 

(—--). 
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FIG 2 XD records of selected 29 ranges FIG 3 XD records of selected 20 ranges 
for 61/39 mixtures of cement/ for mixtures of cement/colloi- 
colloidal silica, hydrated dal silica, hydrated by ball- 
by shaking in water suspension milling of 75/25 slurry for 15 


for 32 days (——) or in a ball- days (——), or by paste-hydra- 
milled slurry for 27 days (---). tion for more than 3 months of 
75/25 (—--) and 85/15 (—-=). 


been observed even after 15 years of hydration, and also ordinary pastes of 
the lowest Wo applied (0.32) contain a few per cent of unhydrated silicates 
even after long times. “s 

A third hydration constituent is ettringite, Cg6AS3H,, which is known 
to very persistent in certain types of pastes, especially those low in alumi 
nate. THE XD pattern of ettringite contains a number of peaks (six) of 
about 200 Si intensity, the strongest being the 9908 peak, 320 Si. This peak 
has been observed and accounted for in the data for the low-aluminate port- 
land cement (Limhamn Standard) given below. Other ettringite peaks fall out- 


TABLE 2 


XD intensity areas for pure cement gels, more than 
15 ys. old 





Gel type Y(28°0 to 3190)Si Y(49°0 to 5194)Si (CH)% 





C35 Wo 0.50 150 64 
0.80 139 66 
1.25 144 54 


Alite wo 0.50 145 63 
1.25 146 51 
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side the ranges of CH and C-S-H gel peaks, and thus do not disturb the mea- 
surements of these. 


Materials studied 


The paste materials available for examination were white cement and 
standard portland cement pastes, of wo in the series 0.32, 0.40, 0.50, 0.70, 
1.00 and 1.32, with addition of Wae = 0.05 (W9-0.32), in order to prevent 
excessive separation. The clinker composition can be expected to be, for WhC 
(Aalborg): alite 85, belite 7, C3A 8, Fss 0, and for PC (Limhamn): alite 65, 
belite 20, C3A 3, Fss 12, + the usual addition of CSH9. The samples, in the 
form of 70 x 920 mm cylinders, were cured in water initially for some days, 
then wrapped tightly in moist plastic foil (to prevent too much CH crystals 
from forming on the surface), and cured moist in closed containers for more 
than 6 years. 





Experimental procedures 


The $20 cylinders were cut by a diamond saw in a number of plates, 3 
mm thick. Three of these were used for counting of XD intensities (in order 
to get a reasonably-accurate average), and were therefore immersed in alcohol 
immediately after sawing, to prevent carbonation (traces of the strong 
(900 Si) CC - calcite peak at 29940 can be very disturbing in the measurement 
of gel intensities). Three more plates were weighed moist and put in a hea- 
ting cabinet at 65°C over saturated MgClo solution (32% RH) in a desiccator. 
After a couple of weeks, they were again weighed, and the 65°C, 32% RH poro- 
sity was calculated as D(1). AW/W(1), assuming the density of the water remo- 
ved to be 1.00 mg.mm-3, and with D(1) determined beforehand by weighing and 
measuring the paste cylinders. The rest of the plates, six to twelve, were 
used for determining the concentric flexural strength Bc. 





Solid-phase volumes 


Porosity measurements were made only for the white_cement pastes. The 
initial solid volume Xg can be calculated as (1 + 0wW9)7+, where P= average 
clinker density is assumed to be 3.1 mg.mm-3, The final solid volume concen- 
tration is X = 1 - P, where P is the measured porosity. It turned out that 
the ratio of the final volume of the hydration products to the initial volume 
of the anhydrous cement, X/Xo, was about 1.6 for all the pastes, perhaps 
increasing slightly with wo. A plot of the measured values X and D(1) can be 
drawn as a Straight line, a shown in FIG 4. 





x 


7 











FIG 4 Relation between measured density D(1) 
and measured solid-phase concentration 
X (equilibrium at 659C, 32% RH). 
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XD-data 

The methods used for counting and evaluating XD intensities have been 
described previously (2). A few examples of XD traces recorded for the paste 
plates are shown in FIG 5. From these traces, suitable intervals were chosen, 
and total counts were measured for three plates per sample, as well as the 
associated background intensities. After deducting these, as well as possibly 
overlapping peaks, the reduced counts were transformed to Si units by compa- 
rison with the external Si standard, then further reduced to percentage 
values by dividing with the corresponding standard intensity values of the 


pure materials. 


FIG 5 XD-records of selected 20 
ranges for pastes, 6 years 
hydrated, of white cement 
0.32 (——) and 1.32 (---), 
and portland cement 1.32 


(—-—). 














The results are plotted in FIGs 6 and 7, as functions of X (for the 
white cement pastes) or X_ (for the portland cement pastes). 


Discussions of the cement paste phase composition 


The expected phase composition of the cement pastes in hydration equi- 
librium would be about 30 to 35 per cent CH together with at C-S-H gel con- 
tent above 60 per cent, with the CH content perhaps decreasing at the lowest 
Wo, depending on the presence of unhydrated material, and also falling off 
towards high Wo, where the influence of silica addition becomes noticeable. 
This level and shape of the CH content is also shown by the curve for the 
strongest reflexion 10°1, whereas the curve for the 10°2 reflexion comes out 
at a higher level, the curve for the 11°0 reflexion at a lower level, both, 
however, having the same shape as that of the 10°1 intensity. The reason for 
the variation in level is obscure, but has probably something to do with dif- 
ferences in crystallisation properties, the CH phase crystallising in cement 
paste being in general better crystallised (with sharper peaks) than the CH 
sample used as standard. 


The apparent variation of the 00°1l (basal) reflexion is different. 
It is at an approximately correct level only at high X values, rising to a 
high maximum at Wo 1.00 and then decreasing at wo 1.32. Such a variation can 
only be explained by the presence of an overlapping and nearly-coinciding 
peak from another substance of variable composition or crystallinity. It is 
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FIG 6 Contents of CH and gel in white FIG 7 Contents of CH and gel in PC 
cement pastes, from XD counts. (Limnamn) pastes, from XD 
counts. 








natural to assume that this additional intensity originates from a C-S-H gel 
constituent. However, it seems difficult to separate the relative contribu- 
tions from CH and gel in this curve. 







The gel contents calculated from the 299 and 50° intensity counts 
agree with the expected 60 per cent level only for the most porous pastes, 
and falls down to considerably lower values in the denser pastes, at least in 
the case of the more prominent 29° peaks. The values for the 50° peak are 
less certain, since their intensity areas mostly amount to less than 20 per 
cent of the areas actually counted. It is possible that the variation is 
associated with a gradual increase in crystallinity of the gel towards higher 
Woy values. It is noticeable that a similar increase was not observed in the 
case of the standard substances (Table 2), nor was there any obvious 
contribution of gel intensity in the 00°l peak given by the standard samples. 













The white cement paste structures observed in SEM pictures may give 
some indication on the changes occurring with changing Wo (FIG 8). The low 
porosity paste consists of irregular, structureless bodies of gel, mixed with 
stacks of CH plates. The high-porosity paste contains large quantities of 
extremely fibrous gel, and in addition some quantities of CH crystals (not 
shown). 
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FIG 8 SEM micrographs of low-porosity and high-porosity white cement pastes. 
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Considerations on possible gel structures 


In the report mentioned above (1), some suggestions were made on the 
accommodation of silica chain elements in the CH crystal structure. It was 
proposed that the general geometry of the orthohexagonal unit cell of CH 
could be maintained (FIG 9), even if half the Ca ions were replaced by Si 
(one or two per Ca replaced), with some type of silica chain running perpen- 
dicular to one set of 11°0 planes. It was also suggested that the gel peaks 
could be associated with a two-dimensional, face-centred cell of dimensions 
about 5.6x3.6 A, as originally proposed by Taylor (3). However, it seems just 
as likely, that the cell dimensions associated with the gel peaks are truly 
one-dimensional, without any appreciable coordination in two-dimensional or 
three-dimensional crystal arrays. There is one repeat unit 4.9 A of stacking 
of crystal planes or strips, incidentally coinciding with the 00°l basal dis- 
tance in the CH lattice, one repeat unit 3.05 A (slightly contracted 10°0 - 
3.11 A distance in CH crystal) perpendicular to the silica chains, and one 
repeat unit 1.82 A (slightly expanded 11°0 - 1.80 A distance in CH crystal) 
in the direction of the silica chains. 





One alternative for the suggested structure is shown in FIG 10, where 
a regular CH.CH layer is superimposed on a CHeSH-SH layer to an idealized 
structure of composition Cy,5SH,. The structure of the silica complex (chain, 
dimer, monomer?) is only loosely indicated, and may vary within the layer, 
but the repeat units 4.9, 3.05, 1.82 A(or multiples) are approximately con- 
stant. It is believed that the gel intensities observed may be explained in 
this way. The increases in gel peak intensities with increasing Wo would then 
be caused by an increasing degree of orderly arrangement of repeat units and 
cell contents. Further, the morphology would change from that of small, ir- 
regular flakes to that of long, thin needles. 


CH lattice layer 
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FIG 9 Structure of CH lattice FIG 10 Hypothetical structure of gel 
layer, and of layers obtained (idealized), stacked layers of 
by replacing Ca(OH)q rows by CH.CH and CH.SH-SH. 
silica chain elements. 
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Strength tests 


Although not really relevant in relation to the structures of cement 
hydration constituent, the flexural strength was determined simultaneously, 
for the sake of reference. The results turned out to be more interesting than 
ant icipated. 


The principle of measurement of B., concentric flexural strength, has 
been described previously (4), (5). Plates, 3 mm thick, are loaded to failure 
in bending between concentric rubber O-rings, 16.5 and 7.5 mm in diameter. 
The results are plotted against log X in FIG 11. The Be strength increased 
rapidly with X up to about 20MPa for the PC 0.40 paste, and about 16 MPa for 
some of the WhC 0.40 plates, whereas others broke at a considerably lower 
level. The 0.32 plates were all disastrously weak, especially the PC 0.32 
plates. 


Inspection in a microscope revealed that the decrease in strength 
could be associated with the development of a system of very fine cracks run- 
ning through the weakened plates, even in the saturated state. Decreases or 
irregularities of the tensile strength of pastes have been observed frequent- 
ly in earlier studies (5), but not as radical as those shown in FIG 11. It is 
not known if compressive strength values are also influenced. The Vickers' 
hardness of the WhC pastes (H in FIG 11) does not show any sign of decrease. 





B., MPa H, MPa 








FIG 11 Flexural strength Be and 
hardness H of the paste 
studied. 
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a ABSTRACT 
te The possibilities to determine AFt-(ettringite) and AFm-(monosul phate) 
in hydrated cement pastes were studied by measuring the intensities of 
the pertinent DTA and XRD peaks on 4 synthetic AFt preparations, 5 
synthetic AFm preparations and on a series of portland cement pastes 

of different composition and hydration time. For AFt determination 

the DTA method appears to be most suitable. AFm may be determined with 
any method at best semiquantitatively. 















Introduction 


The AFt-(ettringite) and AFm-(monosulphate) phases are regular constituents 
of hydrated portland cement pastes. The AFt phase is formed from the tricalcium 
aluminate and/or calcium aluminate ferrite phases of the clinker and calcium 
sulphate at the beginning of the hydration process and is instrumental in pre- 
venting the cement paste from quick setting. The formation of AFt is believed 
to be also responsible for expansion phenomena in most expansive cements and for 
crack formation in concrete structures made out of cements with excessive S03 
contents or in those being in contact with ground waters containing large amounts 
of sulphates. The AFm phase is formed from AFt and additional tricalcium alum- 
inate or calcium aluminate ferrite after depletion of free calcium sulphate in 
the system. 














Very little has been published on the quantitative determination of the AFt- 
and AFm-phases in hydrated cements. Several investigators determined ettringite 
by differential thermal analysis (1,2,3) or by selective extraction (4,5). To 
our knowledge no method for quantitative determination of monosulphate in cement 
pastes has been published as yet. The present authors studied the possibility 
to determine the above phases by differential thermal analysis (DTA), by quanti- 
tative X-ray diffraction (QXRD) or by selective extraction. The obtained re- 
sults are reported and discussed. 
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Experimental 





Standard substances 
The following standard substances were synthetized for further studies: 


Ettringite-method I (Ettr.-I). A 1:3 molar blend of tricalcium aluminate 
(3Ca0.A1903) and CaSOq.2H20 was mixed with 50 wt % of water. The obtained paste 
was kept in a sealed plastic bag at room temperature for 40 days. The formed 
ettringite was ground with acetone, filtered and washed first with acetone and 
then ethyl ether ard finally dryed at room temperature to a constant weight. 


Ettringite-method II (Ettr.-II). A suspension of 0.02 mol 3Ca0.A1l903 and 
0.06 mol of CaSO4.2H20 in 1 1 H20 was agitated for 72 hours at room temperature. 
The formed ettringite was isolated by filtering, washed on the filter with ace- 
tone and then with ethyl ether and finally dryed at room temperature to a con- 
Stant weight. 


Ettringite-method III (Ettr.-III). A suspension containing 0.02 mol of 
Alo(S0q)3-18H20 and 0.12 mol Ca(OH)p in 1 1 H20 was agitated for 48 hours at 
room temperature. The formed ettringite was isolated in a similar way as em- 
ployed in method Nr. II. 


Ettringite-method IV (Ettr.-IV). The substance was prepared in a identical 
way as Ettr.-III however using an equimolar blend of Alo(S0q)3.18H20 and 
Fe2(SQq)3-5H20 rather than Alo(S0q4)3.18H20 alone. Thus the resultant AFt phase 
contained both Al*3 and Fet3 jons in its crystalline lattice. 


Monosulphate-method I (Mono.-I). A suspension of 0.02 mol 3Ca0.Al903 and 
0.02 mol CaS0q,.2H,0 in 1 1 H90 was agitated for 9 hours at room temperature. The 
reaction product Ehat contained mainly monosulphate, beside small amounts of 
ettringite, was separated by filtering and washing on the filter first with ace- 
tone and then with ethyl ether. In order to remove ettringite the obtained mat- 
erial was suspended in a 3:1 ethylene glycol-methanol solution, agitated for 30 
min., filtered, washed with methanol and ethyl ether. 


Monosulphate-method II (Mono.-II). A suspension of 0.0033 mol Ettr.-II and 
0.0066 mol 3Ca0.Al503 in 1 1 Ho0 was agitated for 2 days at room temperature. 
The reaction product was separated by filtering and washing on the filter with 
acetone and then with ethyl ether. The resulting material was suspended in a 
3:1 ethylene glycol-methanol solution, agitated for 30 min., filtered, washed 
with methanol and ethyl ether and finally dried at room temperature. 


Monosulphate-method III (Mono.-III). The product was synthetized in a simi- 
lar way as Mono.-II,however using a suspension of 0.0033 mol Ettr.-II, 0.0033 
mol tetracalcium aluminate ferrite (4Ca0.A1203.Fe203) and 0.0066 mol Ca(OH)o in 
1 1 H20. The suspension was agitated for 7 days. 


Monosulphate-method IV (Mono.-IV). The product was synthetized in a simi- 
lar way as Mono.-II,however using Ettr.-IV rather than Ettr.-II as a starting 
material. The suspension was agitated for 3 days. 


Monosulphate-method V (Mono-V). The product was synthetized in a similar 
way as Mono.-II, however using a suspension of 0.0033 mol Ettr.-IV, 0.0033 mol 
4Ca0.A1903.Fe203 and 0.0066 mol Ca(OH) in 1 1 Ho0. The suspension was agitated 
for 5 days. 


By the above procedures AFt and AFm phases free of any contaminants (as 
determined by XRD) were obtained. The theoretical oxidic composition of ettrin- 
gite and monosulphate as well as that of the obtained products is shown in Table 
# 
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Table I 
Oxidic Composition (in wt %) of the Standard Substances Used 











6Ca0.A1503.350..32H 0 26,82 8,13 19,14 45,91 


2 
Ettr.-I £6;9 8&2 19,2 45,6 
Ettr.-i1 27,0 8,1 19,3 4$5,5 
Ettr.-I1] 26,7 8,4 19,6 45,2 
ettr.-i¥ 26,5 4,5 19,0 43,6 











4Ca0.A1,03.S0..12H, 


Mono.-I 36,6 16,3 - 12,2 34,9 
Mono.-I] 36,1 16,2 ° 13,0 34,6 
Mono.-ITII 31,0 10,0 10,2 Lage. S757 
Mono.-IV 35,0 14,3 6,2 9,0 35,5 
Mono.-V 30,9 8,0 17,2 Pt es 


0 36,5 16,38 12,86 34,71 








Determination of AFt by differential thermal analysis and X-ray diffraction 


The DTA studies were performed using a Mettler-model 2000 apparatus (10°C/ 
min, No). 

Fig. 1 shows DTA curves of pure ettringite, monosulphate and of a portland 
cement paste (C3A in cement = 9.7%) hydrated for different periods of time at 
room temperature. It can be seen that neither the gypsum nor the monosulphate 
peaks interfere with that of ettringite. On the other hand the determination of 
the exact area of the AFt peak in the cement paste becomes gradually more and 
more difficult as the hydration progresses due to the development of a broad en- 
dothermic area belonging to the CSH phase formed in the hydration of tricalcium 
and dicalcium silicate present in the cement. 


Table II shows the intensities of the DTA peaks belonging to the four stan- 
dard AFt preparations synthetized (average value of 5 measurements). It appears 
that the intensity of this peak is independent of the method of synthesis or_on 
whether Al3+ ions in the crystalline lattice are partially substituted by Fest, 
Table II also shows the intensities of AFt peaks determined in a series of port- 
land cement pastes prepared out of laboratory-made cements of different clinker 
composition (all cements ground to 3000 + 100 cm@/g (Blaine) and containing 3.0% 
S03 as gypsum) and hydrated for various times at room temperature. All data in 
the table refer to identical amounts of sample and identical sensitivity of the 
DTA apparatus. 


For determination of AFt in hydrated cement pastes by XRD the peaks d=9.73A 
and d=5.61A may be considered. Both peaks are relatively strong and do not co- 
incide with peaks of other phases that may constitute the original nonhydrated 
cement or the hydration products. Table II shows the intensities of these two 
peaks as determined in the four synthetic AFt preparations and portland cement 
pastes. The measurements were performed using the step by step diffraction 
tracing technique (CuKa, 28 kV, 0.32 Amp., rotating sample holder, steps of 
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Ettringite FIG. 1 
5mg S500pV — 
DTA curves of pure ettringite monosul- 
phate and of portland cement pastes 
hydrated for various times at room 


Monosul phate , 
temperature (10°C/min., No). 


5mg 200nV 





PC - Paste 
10mg 100u1V 20=0.02°, measuring time 40 sec/step). It 
appears that the intensities of these 
Oh peaks were different in different AFt 
preparations and depended on the composi- 
tion and the way of synthesis of the par- 
ticular material. On the other hand, the 
mutual ratio of the intensities of the 
two main ettringite peaks - unlike their 
absolute intensities - remained constant 
in the different preparations studied. 
Due to the variations of the intensities 
of the XRD peaks, the ratio of the inten- 
sity of the XRD and DTA peak varied in 
different standard AFt preparations as 
well. 


Expectedly the intensities of both 
the DTA and XRD peaks increased in the 
cement pastes studied with increasing 
content of the tricalcium aluminate phase 
and increasing hydration time. The ratio 
100 200 = 300 of the intensities of the XRD and DTA 
peaks was constant in different cement 
pastes and independent on hydration time, 
however decreased with increasing tricalcium aluminate and decreasing calcium 
aluminate ferrite content in the original cement. The ratio of the intensities 
of the two XRD peaks was constant in all cement pastes regardless of the kind of 
cement and time of hydration, however different from similar ratios found in the 
four standard ettringite preparations. 





























Temperature in °C 


Determination of AFt by selective dissolution 


According to (4) ettringite in hydrated cement pastes can be determined by 
dissolving it selectively in a 1:3 ethylene glycol-methanol solution and by cal- 
culating the amount of ettringite present on the basis of the amount of A1903 
found in the solution. 


Table III shows the solubility in the above solvent of a variety of phases 
that may be present in hydrated cement pastes (200 mg of substance in 300 ml sol- 
vent, stirring for 30 minutes at room temperature). The solvent dissolved et- 
tringite almost quantitatively while the solubilities of other phases containing 
Alo03, including AFm, were very low. Thus the solvent appears suitable to sep- 
arate AFt from these phases with a fairly high selectivity. 





Determination of AFm 


Table IV shows the intensities of the DTA and XRD (d=8.92A) peaks found in 
the five standard AFm preparations (average values of 5 measurements). All data 
in the tables II and IV refer to the same amount of sample. It appears that the 
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Table II 


Intensities or DTA and XRD Peaks (in Arbitrary Units) Determined 
in Standard AFt Preparations and in Portland Cement Pastes 





Material XRD, XRD, XRD, 
d=5°61A DTA XRD, 





Ettr.-I 2280 
+127 0,487 1,45 


Ettr.-II 3995 0,857 1,48 
+ 99 


Ettr.-IIl 2540 
+172 0,521 


Ettr.-IV 1665 
+ 52 0,353 





PC 1 
C,A=2,8% C,AF=15,9% 3 
Ss 37 =3 4% 6 
12 

1 

3 





PC l 
C3A=7,2% C,AF=11,9% 3 
6 
50,=3 % 12 
1 

3 





PC 
A=9,7% C,AF=8,42 
8, =3°4% 4 


— 
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PC 1 
C4A=15,9% C,AF=3,1% 3 
sé, 3 4 12 
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3 
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on 3° 4 12 
1 
3 








I. Odler and S. Abdul-Maula 


Table III 
Solubilities of Different Phases in a 3:1 Ethylene Glycol-Methanol Solution 





Subs tance Solubility 
(%) 

3Ca0.Si0, 1,6 

B-2Ca0.Si0, 

3Ca0.A1,0., 

4Ca0.A1,03.Fe,0, 

CaSO, 

CaSO, .2H,0 

Ca(OH), 

3Ca0.S10, hydrat.1 year 

B-2Ca0.Si0, hydrat.1 year 

3Ca0.A140, hydrat. 

4Ca0.A1,03.Fe,0, hydrat. 

p-clinker hydrat. 12 h 

AFt-I 

AFt-II 

AFt-III 

AFt-IV 

AFm-I 

AFm-II 

AFm-ITI 

AFm-IV 

AFm-V 








Table IV 


Intensities of the DTA and XRD Peaks (in Arbitrary Units) Determined 
in Standard AFm Preparations 





Preparation DTA 





Mono.-I 1995 
Mono.-II 1878 
Mono.-III 967 
Mono.-IV 1364 
Mono.-V 968 


Jove ein Ls aie bi a fe 2 
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intensities of DTA peaks belonging to different AFm preparation - unlike those 
belonging to different AFt preparations - varied in a wide range. Moreover, 
the intensities of the peaks belonging to AFm were significantly lower than 
those of AFt. 


The intensities of the XRD peaks belonging to AFm were also different in 
different preparations, however these variations were by far less significant 
than those of the DTA peaks. The absolute intensities of the XRD peak belonging 
to AFm were significantly stronger than those of the AFt peaks. 


Discussion 


In the determination of AFt and AFm one has to keep in mind that both the 
oxidic composition and crystallinity of these phases, as they are present in hy- 
drated cement pastes, may vary in a wide range. Thus, to obtain meaningful re- 
sults the method employed for determining these phases must be unsensitive to 
such variations. 


The DTA peak produced by AFt appears to be sharp and intensive enough to be 
used for quantitative measurements at least in pastes with low degrees of hydra- 
tion and thus low contents of CSH-phase. For accurate quantitative determinat- 
ion of this phase on the basis of measuring the area of this peak, it is import- 
ant to know whether and to what an extent the inetnsity of this peak is influ- 
enced by variations in oxidic composition and crystallinity of the Aft phase. 
The fact that synthetic AFt preparations of different composition and formed 
under very different experimental conditions produced consistently DTA peaks of 
identical intensities suggests a very low sensitivity of the DTA method to vari- 
ations of this kind. Consequently this method seems to be well suitable for 
determining AFt in hydrated cement pastes especially at low degrees of hydration. 


To obtain meaningful results by the DTA method a procedure gentle enough to 
preserve the entire fraction of bound water in the crystalline lattice of AFt 
has to be employed for stopping the hydration of the paste. In preliminary ex- 
periments using synthetic AFt and AFm preparations, it was proved that the "ace- 
tone-ethyl ether method" meets this requirement for both compounds. As the DTA 
method is highly unsensitive to variations of composition and crystallinity of 
AFt no special requirements are set as to the selection of the AFt preparation 
to be used as reference substance in quantitative determination of AFt in hy- 
drated cement pastes. 


In pastes with higher degrees of hydration the accuracy of AFt determinat- 
ion by DTA may be significantly impeded by the presence of the endothermic ef- 
fect belonging to the CSH-phase. This difficulty may be overcomed to a great 
extent by placing a prehydrated, gypsum free cement, rather than an indifferent 
material into the reference sample holder of the DTA apparatus (Fig. 2). 


Unlike the DTA peak, the intensity of the XRD peaks belonging to AFt is to 
a great extent sensitive to variation of oxidic composition and crystallinity of 
this material. Moreover, the fact that the ratio of the two main peaks belong- 
ing to AFt is different in cement pastes and synthetic preparations suggest that 
the structure of ettringite as formed in cement hydration is not identical with 
that present in ettringite preparations obtained artifically. Consequently, the 
selection of a proper reference substance, necessary for quantitative determin- 
ation of AFt in cement pastes may cause insurmountable difficulties. In studies 
in which the XRD method is employed just for measuring the formation and decom- 
position of AFt in the course of hydration of a single cement, this difficulty 
may be overcomed to a certain degree by determining the absolute AFt content in 
a sample with low degree of hydration by DTA and by using the obtained values as 
a reference. 




















Vol. 14, No. 1 
I. Odler and S. Abdul-Maula 





a) of a ground portland clinker with no gypsum 
added, hydrated for 3 days 

b) of portland cement made from the same 
clinker with 3% S03 (as gypsum) added 

c) of the paste (b) using paste (a) as 
reference material 


mek 

cee ie FIG. 2 
b 

——_———— 
c 


oa 


In the study of the extraction method the 
data of (4,5) according to which AFt is the 
F only Al203-containing cement phases dissolvable 
700 200 700 in the ethylene glycol-methanol solvent, were 
confirmed. Nevertheless data on the AFt con- 
Temperature in °C tent in hydrated cement pastes obtained by this 
method must be taken with great caution due to 
the possible variations in the composition of this phase. In cement containing 
both Al203 and Feo03 more meaningful values may be obtained if the AFt content 
is calculated on the basis of the amount of dissolved Al903 + Feo03 rather than 
of Al703 alone. 


The differences in the intensities of the DTA peaks found in different AFm 
preparations indicate - contrary to AFt - a great sensitivity of this method to 
composition and/or cyrstallinity variations of this phase. Moreover the thermo- 
effect due to AFm decomposition is significantly weaker than that of AFt and 
barely measurable in most cement pastes. For both reasons this method appears 
little suitable for quantitative determination of AFm in hydrated cements. 




















The intensity of the XRD peak at d=8.92A appears to be also dependent on 
composition and/or crystallinity variations of the particular material, however, 
in a much lesser extent. Moreover, the great intensity of this peak enables to 
detect even small amounts of AFm (down to about 1%) in hydrated cement pastes. 
For both reasons the XRD method appears to be suitable for at least semi-quanti- 
tative determination of the AFm phase in hydrated cements. 


Conclusions 


1. For quantitative determination of AFt in hydrated cement pastes, the 
DTA method appears to be the method of choice as the thermoeffect generated by 
AFt decomposition is highly unsensitive to variations of crystallinity and com- 
position of this phase. The pertinent DTA peak does not coincide with those of 
gypsum and monosulphate however may be superposed by the thermoeffect caused by 
decomposition of the CSH phase. 


2. The quantitative determination of AFt by X-ray diffraction is hampered 
by the fact that the intensity of the peaks suitable for quantitative measure- 
ments is sensitive to crystallinity and/or composition variations of this phase. 


3. Out of different Alo03 bearing phases AFt is dissolved with high selec- 
tivity in a 1:3 ethylene siopl-estiann) solvent. Nevertheless, the determin- 
ation of AFt on the basis of the amount of Al703 dissolved in this solvent may 
lead to erroneous results due to possible variations in the composition of the 
AFt phase. 


4. For determination of AFm the XRD method appears to be more suitable 
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than DTA due to the lower sensitivity of the former method to composition and/or 
crystallinity variation of the AFt phase. 
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DEGREE OF DEPOLARISATION, AN INDICATOR FOR 
WATER BONDING IN HYDRATED CEMENT PASTES 
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Chemistry, H-8201 Veszprém, POB 158, Hungary 


(Communicated by F.D. Tamas) 
(Received May 24, 1983) 


ABSTRACT 
Permittivity (dielectric constant), weight loss and 
shrinkage of hydrated cement pastes was measured af= 
ter firing the samples up to 1000°C. The degree of 
depolarisation (DD) can be calculated from measured 
datae DD can be used as an indicator of water bonding 
in the cement paste. 


A method has been developed for the determination of the bond 
form of water being fixed in hardened cement paste. The meth-= 
od is based on the measurement of permittivity (dielectric 
constant) of the paste having been heated to higher (up to 
1000°C ) temperatures prior to permittivity measurement. 


A paste was made of the cement by mixing it with water, in the 
usual waye A plastic die was filled with the paste giving 5 mm 
high cement disks with 70 mm dia. After hardening and ignition 
at temperatures increasing by approximately 50 C steps, the per-= 
mittivities of disk samples were measured at 25°C. 


At the same time ignition losses /Am/, bulk densitiy [° rly 
and density /P/ of powdered samples were also tested. 


The analysis of experimental data has been made by the follo- 
wing train of thought: 

It is presumable that permittivity changes after igniting samp-= 
les at moderate temperatures /up to 400°C/ are caused mostly 

by the removal of water, having high dipole moment. /Obviously 
the change of dielectric properties may be caused by some other 
secondary changes of crystal structure following the removal of 
water, but for the time being these can be neglected/. 


If the water were in simple mechanical mixture with the remai- 
ning silicate structure, the theoretical permittivity of the 
mixture would be given by the volume fraction of the two compo» 
nents /water and silicate frame/: 


€ 
theor 
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where Vs and Vy are the volume fractions of ignitition re- 
sidue and leaving water, respectively /¥ + Ves 1/, and 

and Ey are the permittivity values of the same components. 
/e< is an experimentally measured value, and ey is the known 







permittivity of water at the temperature of experiment/. 


However in reality it is erroneous to suppose the additivity 
because the apparent permittivity /¢/ of the hydrated cement 
is always smaller than the calculated value. This comes from 
the fact that the water was present as a more or less strongly 
bonded "gel water" rather than in the form "free water". 








A value characterizing the strength of interaction could be 
calculated from this difference: 









0 c 
ae theor 










~theor 


Ac° can be considered as the "degree of depolarization" of sili- 
cate frame with respect to the water, since its value is deter- 
mined first of all by the extent of decrease of directional po» 
larization of the "free water". This decrease is caused by the 

/real/ bonding of water to the silicate frame. 







It should be noted that it is worthwhile to complement the ex= 
periment by measuring the linear shrinkage /A1/ during the 
calcination and by calculating the actual compactness from the 
sample size and density: 








Pt 
V —_- 
s le) 








These latter, easily obtainable data can contribute to the inter- 
pretation of experimental results of permittivity. 










An example shows the application of the method. ASTM type 
TI. Hungarian=-made portland cement was mixed with de-= 
ionised water (w/c = 0.32) to make a pastes. The paste was 
hardened in a water vapor sturated space for 28 days, af- 
ter which interval hydration was stopped, desiccated for 
24 hre, heated to various temperatures (up to 1000°C, in 
50 C°steps), and apparent permittivity (¢), ignition loss 
(Am) and linear shrinkage (A1) determined. Results are 
plotted in Figs 1.s as the mean of three parallel sets of 
experiments. (The relative error of the measurement is 


+ 6%)6 


















The hardened cement paste is partly carbonated, therefore the 
ignition loss at high temperature is composed from H,O and CO, 


However this fact has been disregarded. Ae and Vo values are 


shown on Figure 2, together with the Vc versus Al relationship. 


It is seen from the presented example that the increasing bon- 
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portland cement past, in and AT VSe vo plots 
function of ignition tempera- . 

ture 


ding strength of water remained in the gel structure after in-~ 
creasing ignition temperature can be detected by the help of 
Ac°. Up to about 250°C, the change of Ac° is nearly parallel 


with the ignition loss change. 


A loosened, incompacted frame structure is left over by the 
removal of water between 25 C and 250 C, which is not followed 
by a strong shrinkage of the body [Vg versus Al curve/. 


Sudden changes of slopes and of curve shape and tendency are 
partly due to the changes in bonding form of water, or to inter= 
nal morphological changes. 
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DISCUSSIONS 


DISCUSSION OF THE PAPER "ON THE GLASS PRESENT IN i“ 
LOW-CALCIUM AND IN HIGH-CALCIUM FLY ASHES" BY S.DIAMOND 


G. M. Idorn 
G. M. Idorn Consult ApS 
Tovesvej 14B, 2850 Naerum, DK 


Professor Diamond's procurement of analytical data on the compositions and 
constitutions of fly ashes in the US is hopefully going to be widely appre- 
ciated. 


The paper confirms, supplementary to previous studies that fly ashes are not 

as simple to characterize in generally valid terms as would be desirable for 

standard specification committees. The work of these might be facilitated by 

the creation of a system for fly ash characterisation. Even if a data file at 
present could only be introductory (maybe more than two types of glass in fly 
ashes will be identified - like more than two subspecies of C-S-H morphology 

in cement paste has appeared), it could be helpful for the evaluation of fly 

ash types. 


The author's suspicion that a calcium aluminate glass in fly ash is more re- 
active than a siliceous structural glass is interesting and raises another 
issue of fly ash characterisation: "reactive to what and how?" 


Those who work with fly ash the engineering ways need to have characterized 
the reactivity of the cement paste or mortar towards the fly ash species as 
well as "a specific" fly ash reactivity: And while some types of ash may be 
the best for autoclaved processing, other ones may be preferable for concre- 
ting of thin pavement slabs in cold weather, in dependence, for instance, of 
the alkali content of the concrete, the fineness of the cement or the simul- 
taneous use of some chemical admixture or other. 


The question to the author is: isn't it likely or at least possible that a 
variety of fly ash "subspecies" when adequately characterized, may become the 
basis for a variety of combinations with cements, other admixtures and pro- 
cessing technologies, with different, desirable product qualities as inte- 
resting downstream business opportunities? 





“CCR 13, 459 (1983). 
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REPLY TO G.M.IDORN’S DISCUSSION OF THE FAPER "ON THE GLASS 
PRESENT IN LOW-CALCIUM AND IN HIGH-CALCIUM FLY ASHES" * 


Sidney Diamond 
School of Civil Engineering, Purdue University 
West Lafayette, IN 47907, USA 


I thank Dr. Idorn for his interesting comments. 


At least certain synthetic calcium aluminate glasses, when 
finely divided, react rapidly with water and constitute an 
exceedingly self-hydraulic material; indeed the reaction may be so 
rapid that mixing with water cannot be completed before extensive 
heat evolution and hydration have taken place. Of course such 
glasses are not identical with the postulated calcium aluminate 
glasses in high-calcium flyashes, since the latter invariably 
contain significant amounts of silica, iron oxide, and other 
chemical components. Nevertheless, indications exist that they 
react in hydrated cement systems significantly more rapidly than 
the siliceous glasses found in low-calcium flyashes. 


The possibility that different flyashes could usefully fall 
into different “subspecies” or "characterization groups” suitable 
for different specific end uses certainly exists. However, the 
economic realities underlying the utilization of flyash must 
always be kept in mind. As a low value, high bulk, commodity-type 
material, flyash can be economically transported only limited 
distances. Thus concrete or concrete product producers in a given 
area may only a few possible flyashes to choose from, or even only 


a single one. 


Even when this is not the case, economic characterization 
groups may be hard to maintain. For example, flyash normally 
suitable for a specific end use may become unsuitable because a 
change in power plant boiler operation has caused a color change 
that renders the flyash unsuitable for the specific use. 


Factors such as this may limit the practical applicability of 
flyash characterization groups; nevertheless, I do believe the 
idea is worth pursuing, and may indeed lead to "downstream 
business opportunities”. 





“CCR 13, 459 (1983). 
















CEMENT and CONCRETE RESEARCH. Vol. 14, pp. 147-148, 1984. Printed in the USA. 
0008-8846/84 $3.00+00. Copyright (c) 1984 Pergamon Press, Ltd. 


A DISCUSSION OF THE PAPER "MECHANISM OF SULFATE ATTACK ON 
PORTLAND CEMENT AND CONCRETE - ANOTHER LOOK" BY P.K. MEHTA™ 


by I. Odler 
Technical University Clausthal 
3392 Clausthal-Zellerfeld 
Fed. Republic of Germany 


The lack of a direct correlation between expansion and ettringite formation in 
Sulfate attack, reported by Dr. Mehta, is in line with observations made in 
our laboratory. On portland cements containing elevated amounts of gypsum, 
expansion was observed both before and after the amount of ettringite present 
th ag in the hydrating paste reached its maximum and an ettringite to monosulfate 
conversion got under way. Conversely in high iron cements no sulfate related 
expansion took place inspite of a significant ettringite formation in the hy- 
dration process. In the light of these and similar observations the classical 
theory, according to which the expansion in sulfate attack is directly related 
to ettringite formation, appears to be too simplistic. Thus, new theories to 
explain this phenomen must be welcomed, but also submitted to a critical 
Scrutiny. 















In his paper, Dr. Mehta forwarded a new theory to explain the mechanism 
of sulfate attack: According to it a precipitation of gypsum and,a loss of 
strength and stiffness of the CSH-phase, due to an increased SO, - and de- 
creased OH-ion concentration in the pore solution, are essential steps in the 
development of an expansion in the course of sulfate attack. According to the 
theory, only under the latter conditions ettringite crystals, which were for- 
med earlier,become expansive and the cement paste expands and deteriorates. 








If Dr. Mehta's theory were correct, a presence of gypsum and an absence of 
crystalline calcium hydroxide would have to be persistent findings in cement 
pastes destroyed by sulfate attack, which is not the case. It has to be also 
noted, that a simultaneous calcium sulfate precipitation and decrease of hy- 
droxyl ion concentration, as postulated by the theory, may not occur in cement 
pastes, unless they are exposed to sulfuric acid solutions. In pastes exposed 
to calcium sulfate solutions no change of the pH-value takes place upon gypsum 
crystallization, while in those exposed to alkali metal sulfate solutions an 
eventual precipitation of gypsum is accompanied even with an increase of the 
hydroxyl ion concentration in the pore liquid (due to a simultaneous formation 
of alkali metal hydroxide). 















“CCR 13, 401 (1983). 





I. Odler 


The assumed loss of adhesive ability of the CSH-phase and its central role 
in the development of expansion due to sulfates may be also questioned: In ex- 
periments on tricalcium silicate pastes an addition of calcium sulfate only 
resulted in strength losses of no more than 20 per cent, if any at all(1). 

If one assumes a similar effect of calcium sulfate on the CSH-phase of cement 
pastes it appears unlikely that strength changes of this order of magnitude 
would play a significant role in the development of sulfatic expansion. 


In the light of existing experimental data "sulfate attack" appears to be 
a very complex phenomenon which, in our oppinion, probably cannot be interpre- 
ted by a single theory. Nevertheless, efforts to obtain a better understanding 


of this problem have to continue. 
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A REPLY TO THE DISCUSSION OF "MECHANISM OF SULFATE ATTACK ON PORTLAND 
CEMENT CONCRETE - ANOTHER LOOK" BY I. ODLER 


by P. K. Mehta 
Department of Civil Engineering 
University of Californja, Berkeley, CA 94720 


The author appreciates the thoughtful comments of Professor Odler on the 
complex questions pertaining to mechanism of sulfate attack on portland 

cement concrete. It was not the intent of the author to propose a definite 

or comprehensive theory, but to draw the attention of researchers to certain 
experimental observations which make the current theories questionable, and to 
provide an opportunity for the advancement of new ideas. On further scrutiny 
some of these ideas may not prove to be sound, however they would have served 
their purpose if they help us arrive at a better understanding of the 
phenomenon. 






Professor Odler agrees with the author that the expansions associated with the 
sulfate attack are not directly related to ettringite formation. However, he 
does not think that the loss of strength and stiffness due to gypsum formation 
plays an important role in sulfate-related expansions. The author would like 
to reiterate that the precipitation of gypsum and its presence in the deterio- 
rated cement paste is not central to the proposed theory; it is only a symptom 
of the environment which has becone supersaturated with respect to sulfate ions. 
It is speculated that the adhesive strength and stability of cement pastes, 
which derive their cementing property mainly from C-S-H, would be reduced when 
the hydroxyl ion concentration of the pure solution drops with simultaneous 
increase of the sulfate ion concentration. Thus, the presence of aynsum and 
depletion of calcium hydroxide need not be directly associated with the 
sulfate-related expansions. These are only indicative of the environmental 
change where the attractive forces normally present at the surface of C-S-H 

and ettringite particles would no longer be operative. 















For precipitation of gypsum the presence of sulfuric acid, as suggested by 
Professor Odler, is not necessary. Alkali metal hydroxide formed as a result 
of attack by alkali sulfate solutions are known to gradually leach away from 
the pores, which then become saturated with the permeating sulfate solution. 
Not only this is observed from long-time laboratory tests but also from field 
tests. For instance, X-ray mineralogical examination of the specimens of 
deteriorated concrete from the Fort Peck dam in Montana, which had prolonged 
exposure to a natural water containing alkali sulfates, showed both gypsum 













*CCR 13, 401 (1983). 





P.K. Mehta 


and ettringite presentt 


In regard to the specific value of the strength loss on sulfate attack, 

the author and his co-workers (6)* reported 40% loss of compressive strength 
in 90-day old alite pastes which contained 6% gypsum. It is possible that 

in the presence of sulfate ions the decrease in the stiffness of C-S-H, which 
would have a direct influence on the magnitude of expansion, is even greater. 





*p, K. Mehta, "Discussion of the paper authored by T. J. Reading on Combating 
Sulfate Attack in Corps of Engineers Concrete Construction," J. Amer. Concr. 
Inst., V.73, No.4, pp. 237-238 (1976). 


*CCR 13, 401-406 (1983). 
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A DISCUSSION OF THE PAPER 
"MECHANISM OF SULFATE ATTACK ON PORTLAND ‘s 
CEMENT CONCRETE - ANOTHER LOOK" BY P.K. MEHTA 


SecChatcery 1. 
Technological Institute 
2630 Taastrup, Denmark 


In his paper Prof. Mehta has commented that the effect of gypsum 
formation on the sulfate attack has not been properly explained 
lie in the literature. As far as I know, Lea was the first to propose 
that gypsum formation may cause damage to Portland cement con- 
crete and explained this on the assumption of a solid state con- 
version of Ca(OH)2, present in the specimen, to gypsum (1). Since 
then it has been discussed many times. In 1968 an alternative ex- 
planation of the above damage was proposed in terms of the cry- 
stal growth pressure (2). 
















In this paper Mehta has also made two very interesting observa- 
tions. These are that (i) the formation of even Type 2 ettringite 
by itself is not capable of causing an expansion (p. 404, par. 1); 
and (ii) ettringite can cause expansion only when the stiffness of 
the cement paste has already been lowered by something else 

(p. 406). However, these observations were already anticipated in 
1963 (3). Rossetti et al have even shown that the expansivity of 
all types of ettringite is drastically reduced if a small re- 
straining pressure is applied to them (4). 















Mehta proposed that a "drop in the hydroxyl ions concentration 
and an increase in the sulfate ions concentration of the environ- 
ment lowers the stiffness of the cement paste on one hand, and 
increases the water-adsorption capacity of the ettringite on the 
other hand" (p. 406) hence the expansion and damages. In this 
context the properties of K type expansive cement are of interest 
(5). It has been shown that a Type K expansive cement can expand 
over initial 14 days of hydration even though its strength in- 
creases at the same time period, i.e. expansion and an increase 
in the stiffness occur at the same time. The expansion has been 
attributed to ettringite formation. As Type K expansive cement 
specimens were in contact only with water neither SO, ion con- 
centration in the environment could increase nor the hydroxyl ion 
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concentration could decrease. Apparently neither of the two ne- 
cessary conditions as proposed by Mehta were fulfilled by Type K 
cements. Prof. Mehta's comment on these results will be of gene- 


ral interest. 
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A REPLY TO THE DISCUSSION OF "MECHANISM OF SULFATE ATTACK ON PORTLAND 
CEMENT CONCRETE - ANOTHER LOOK" BY S. CHATTERJI™ 


By P. K. Mehta 
Department of Civil Engineering 
University of California, Berkeley 94720 


In regard to Dr. Chatterji's comments, the author agrees that many investi- 
gators including Lea have pointed out the detrimental effect on strength 
associated with gypsum formation during sulfate attack on portland cement 
concrete. In the earlier literature, however, the strength loss due to 
gypsum formation and the expansion due to ettringite formation are treated 

as isolated phenomena which have no effect on each other. This author feels 
that both the phenomena need to be considered together in order to appreciate 
and understand the complexity of sulfate-generated deteriorations in concrete. 
Therefore, it is suggested that a drop in the strength and stiffness 
(restraining capacity of the material) due to gypsum formation be seen as a 
necessary step for increasing the magnitude of expansion caused by ettringite. 
The concept is consistent with the experimental observations of the reverse 
phenomenon by many researchers, i.e. expansions associated with ettringite 
formation can be greatly reduced when restrained. 




















Dr. Chatterji's reference to the behavior of expansive cements offers the 
author another opportunity to reaffirm the important elements of the proposed 
hypothesis. Experience with commercial expansive cement concretes shows that, 
in general, the expansion associated with the formation of ettringite is over 
within 3 or at the most 7 days of moist curing, when the stiffness of the 
material is still very low. From reference (5) cited by Dr. Chatterji, the 
data show that after 7 days of hydration hardly any expansions were produced 
by the Type K, M, and S expansive cement pastes. In fact, in the case of 

Type K cement, more than two-thirds of the restrained expansion was com- 
pleted within 3 days of hydration. Due to the high sulfate/hydroxy] ratio 

in the liquid phase, most of the ettringite formation and expansion had 
occurred during this period. The expansion continued for four days more 
(probably due to continuing water adsorption by ettringite), then stopped, 
possibly because the stiffness of the material increased beyond a certain 
level. 
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A DISCUSSION OF THE PAPER "EXAMINATION OF 136 YEARS OLD 
PORTLAND CEMENT CONCRETE" BY G.M. IDORN AND N. THAULOW™ 


R.G. Blezard 
Blue Circle Cement (Technical Division) 
Portland Street, Hull HU2 8JZ, England 


There are a number of interesting points mentioned in this paper that have 
stimulated a re-examination of the concrete and the history of this concrete. 


The paper by Idorn and Thaulow described a study of a hand sized piece of 
precast concrete from the remaining sections of the wall built in front of Port- 
land Hall, Gravesend, Kent. A similar piece of concrete was examined earlier to 
identify the nature of the cement used. The observations were read as a paper 
to the Society of Chemical Industry (London, 17.5 1979) which was published (1) 
in 1981. The common link between the two specimens is that they were collected 
at the same occasion (8.9.77) by Mr. J. Figg. 


There appeared to be a small controversy in the literature regarding the 
true date of the concrete. The evidence given by Francis (2) is very convincing, 
giving a date of between 1850-1851. Some references quoted ‘about 1850'(3,4), 
which is probably the date to be quoted. Davis (5) gives a later date but this 
should be disregarded as the building work was abandoned within 18 months of 
Starting due to the enormous cost involved in the project. 


The concrete is from the decorative top of the boundary wall to the now de- 
molished Portland Hall. The pre-cast top unit is well preserved and takes the 
Shape of circles and fleurs-de-lys. This concrete is of fine quality and has 
shown good durability. It was a limestone aggregate (Kentish ragstone) and a 
miscellaneous fine aggregate. The main body of the wall, which was not sampled, 
has a flint aggregate and was in an inferior state of preservation and the con- 
crete technology was not to the same standard as the decorative top. 


The concrete specimen examined contained the relicts of entrained air, con- 
firming Dr. Thaulow's observations. This does not necessarily infer that in 
1850 a deliberate air entraining agent was added. 


Exactly when air entrainment was first put to practical use is hard to say 
because initially it was an empirical observation and not deliberate addition. 
According to Power's (6) - ‘the practice of deliberately entraining air bubbles 
in concrete was introduced in the mid-1930's.' It is more likely that air en- 
trainment occurred by accident rather than design and that contamination from 
the mould release material (soap or fatty material) may be a more feasible 
thought. 
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DISCUSSIONS 





FIG. | 


Deformed belite - bulbous and cusp form in a matrix of C3A and ferrite. 
The C3A is marked with arrows. This form of belite is common in meso- 
Portland Cement. 


Large deformed alite crystal typical of the slow heating and cooling 
cycle of the Aspdin kiln. 





R.G. Blezard 


As the concrete was destined for use on Aspdin's own property, the cement 
was almost certainly made at Robins and Aspdin's plant at Northfleet which was 
about 1 1/2 miles away. The microstructure of the unhydrated regions in the 
concrete is typical of the meso-Portland cement made by Aspdin. 


The concrete was heavily carbonated and there were regions of partially 
unhydrated clinker minerals. These regions were about 150-250 um in size and 
this may be related to the coarse nature of the Aspdin cement. The coarse na- 
ture of Aspdin cement has been previously established (1). A study of photo- 
micrographs taken in 1979 was, to an extent, in agreement with the findings of 
Idorn and Thaulow in so much that the ferrite phase (which was the major flux 
phase) was unhydrated. In contradiction to their views, C3A was present as in- 
dicated in Figure 1. The crystal shapes of the silicate phases in meso-Port- 
land cement are normally distorted (see Figure 2) because of the long residence 
times in processing. 


In conclusion, these comments must not detract from the broad investiga- 
tion, particularly in respect of durability and the work has been a valuable 
contribution. 
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A REPLY TO A DISCUSSION BY R.G. BLEZARD OF THE PAPER: | 
"EXAMINATION OF 136 YEARS OLD PORTLAND CEMENT CONCRETE" 


G.M. Idorn N. Thaulow 
G.M. Idorn Consult ApS Technological Institute 
14 B, Tovesvej, 2850- Gregersensvej, 2630- 
Nerum, DK Tastrup, DK 


We are grateful for R.G. Blezard's comments to our examination of the W. Asp- 
din concrete specimen and wish to acknowledge the comprehensive descriptions 
7 of historic concrete in Great Britain in recent years. The supplementary data 
to our brief outline of the origin of the specimen are appreciated as placing 
the examination more adequately in the broader context. 










The aim of our limited study was to ascertain phenomena in the microscopic 
structure of the concrete which could help to explain the reasons for its re- 
markable durability, taking its origin into consideration. We chose thin sec- 
tion petrography as a method we frequently use for comparable studies of in- 
sufficient durability of modern concrete. 









We did wish to emphasize that the W. Aspdin concrete (like much surviving 
ancient and historic concrete) has been made very dense in such ways that its 
denseness has increased in the course of time. This has much more to say for 
modern cement ana concrete technology than we could elaborate on in our paper. 







We shall reply to the author's specific comments as follows: 






1. The specimen we examined was only carbonated to depths of about 5 mm. This 
suggests that one should not accept much larger rates of carbonation in mo- 
dern concrete as inevitable or acceptable - but also today make the concrete 
as dense as 130-140 years ago. 






2. We did not mean to imply that air-entrainment has been applied deliberate- 
ly as a precedence of the more recent discovery of its beneficial effects re- 
garding frost resistance of concrete. But the air-void system is there and as 
it appears it can only have had its origin in the presence in the fresh con- 

crete of a solute in the liquid phase which has decreased the surface tension 
and formed well distributed, genuinely entrained air. 


The application of "tailored" admixtures (usually organic) to mortars and 
concrete for improvement of workability has been known since ancient times. 












We think it is very likely that W. Aspdin and his masons knew such inherited 
means for making the fresh concrete adequate for mixing, placing and compac- 
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tion considering their primitive means for doing this by the aid of mechani- 
cal energy. 


3. We do not see the finding by the author of unhydrated C3A in another piece 
of W. Aspdin concrete as contradictory to our limited observations. We simply 
did not see it. This was one reason why we dwelled upon the abundance of un- 
hydrated C4AF. We think that these observations together suggest a critical 
attitude to modern Portland cements, high in Ca4AF, as far as their cementi- 
tious value goes, compared with ordinary Portland cement and blended cements. 
Seen together with the author's finding of unhydrated C3A we are close to 
conclude that the conventional C3A/CqAF conceptions encompass myths of sim- 
plicity which ought to be dispelled for the benefit of assurance of the long- 
term durability of modern concrete. 

We do also acknowledge the author's observation as a reminder that the use of 


several available examination methods in combination is usually advantageous 
in studies of the complex microstructure and behaviour of field concrete. 
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NEWS ITEMS 


Spring Meeting of the AMERICAN CONCRETE INSTITUTE, Hyatt 
Regency Hotel, Phoenix, AZ. Information: Convention 
Coordinator, ACI, P.O. Box 19150, Detroit, MI 48219 USA. 


Symposium on NONDESTRUCTIVE TEST METHODS FOR CONCRETE March 4-9, 
STRENGTH, during the ACI Annual Meeting, Hyatt Regency, 

Phoenix, AZ. Information: Dr. H.S. Lew, Chairman, ACI 

Committee 228, National Bureau of Standards, Building 

226, Room B162, Washington, DC 20234 USA. 


6th International Conference on CEMENT MICROSCOPY, March 26-29, 
Mariott Hotel, Albuquerque, New Mexico. Information: 

Arturo G. Nisperos, Materials Service Corporation, 90] 

N. Sangamon St., Chicago, IL 60622 USA. 


86th Annual Meeting of the AMERICAN CERAMIC SOCIETY, April 29- May 3, 
David L. Lawrence Convention Center, Pittsburgh, PA. 

Information: ACS, 65 Ceramic Drive, Columbus, OH 

43214 USA. 


39th Symposium on FAILURE MECHANISMS IN HIGH PERFORMANCE 
MATERIALS, National Bureau of Standards, Gaithersburg, MD. 
Information: Dr. J.G. Early, Metallurgy Division, Room 
A153, Building 223, National Bureau of Standards, Washing- 
ton, DC 20234 USA. 


International Conference on CONCRETE UNDER MULTIAXIAL May 22-24, 


CONDITIONS, Université Paul Sabatier, Toulouse, France. 
Information: M. Lorrain, Conference Secretariat, I.N.S.A., 


Département de Génie Civil, 31077 Toulouse Cedex, France. 


A Symposium on BLENDED CEMENTS, sponsored by Committee C-1, 
Cement, of ASTM, in Denver, CO. Information: Kathy Greene, 
ASTM, 1916 Race Street, Philadelphia, PA 19103 USA. 


International Conference on IN SITU/NONDESTRUCTIVE TESTING Oct. 2-5, 1984 
OF CONCRETE AND EVALUATION OF CONCRETE STRUCTURES, Ottawa, 

Canada. Information: V. Mohan Malhotra, CANMET, 405 Rochester 

Street, Ottawa, Ontario, Canada KIA OG]. 


International Conference on TALL BUILDINGS, Shangri-la Hotel, Oct. 22-26, 1984 
Singapore, sponsored by the Council of the Institution of 

Engineers, Singapore. Information: The Chairman, ICTBS 84, 

10, Anson Road, #14-06, International Plaza, Republic of 

Singapore (0207). 


159 





160 
NEWS ITEMS 

CALL FOR PAPERS 

The 14th Conference on SILICATE SCIENCE AND THE SILICATE INDUSTRIES will be 
held in Budapest, MAY 1985. The purpose of the conference is to discuss actual 
problems in the field of the silicate industries and silicate science by the 
personal meeting of internationally appreciated experts. Papers are requested 
on the following topics: Multi-disciplinary aspects in the silicate sciences; 
and quality control in the silicate industries. These topics will be discussed 
in the following sections: Glass; Concrete; Cement; Structural Ceramics and 
Insulating Materials; Rock Products; Ceramic Whitewares; and Refractories. 


Authors are requested to contact the Conference Committee for further in- 
formation: Scientific Society of the Silicate Industry, "SILICONF - COMMITTEE," 
H-1368 Budapest, P.0.B. 240, Hungary. Cable Address: SILICONF, Budapest. 


ERRATUM 
"Recycled Concrete and Silica Fume Make Calcium Silicate Bricks," by T.C. 
Hansen and H. Narud, Vol. 13, No. 5, pp. 626-630, 1983. 


Page 627, Line 23 from top reads: ... analysis proved that the finely 
r 


—— 


ground crusher fines contained 19 percent of calcium hydroxide. 


It should read: ... analysis proved that the finely ground 
crusher fines contained 4 percent of calcium hydroxide. 





& PosTAL SF 
STATEMENT OF OWNERSHIP, MANAGEMENT AND CIRCULATION 
Require sas 


Well eek Dies Nene. Gel vk a | 
A NO OF ISSUES PUBLISHED | B ANNUAL SUBSCRIPTION 
ANNUALLY PRICE 
$ie 
1) COMPLETE MAILING ADDRESS OF KNOWN OFFICE OF PUBLICATION (Street City County Stote and ZIP Code) (Not printers 
if COMPLETE MAILING ADORESS OF THE HEADQUARTERS OR GENERAL BUSINESS OFFICES OF THE PUBLISHERS (No! printers) 


ark, Elmsford, NY 10523 





6 FULL NAMES AND COMPLETE MAILING ADORESS OF PUBLISHER EDITOR AND MANAGING EDITOR (This Mem MUST NOT be bienk 


PUBLISHER (Name and Compile Mailing Address 


rgam 
EDITOR (Name enc Complete Malling Address 

la M. Roy, Pennsylvania State Univ., 
| MANAGING EDITOR (Name and Complete Malling Address) 
en Mourant, Pennsylvania State Univ., University Park, PA 16802 





{ also immediately thereunder the names and addresses of stockholders 








(2) 
HAS NOT CHANGED DURING HAS CHANGED DURING 
PRECEDING 12 MONTHS PRECEDING 12 MONTHS 





Sum of Fiend 2 shoud squat ne press nm shown im A 


} eaiae Be se | | 
_— | 1568 157 
~ irae GAS OF LOC ess 
| certify that the statements made by| ~~ _ ——n—oum PAZ 27 | 
me above are correct and complete d 
L Orns, SY pred mMoy_ 
¥ v ies (Pegs 1 


y 198 5526 (See instruction on reverse 


























CEMENT and CONCRETE RESEARCH. Vol. 14, pp.i, 1984. Printed in the USA. 
0008-8846/84 $3.00 + .00 Copyright (c) 1984 Pergamon Press, Ltd. 


EDITORIAL 


- 


It is planned to introduce a new Software Survey Section to CEMENT and 
CONCRETE RESEARCH to encourage the open exchange of information on software 
programs unique to our professional field. With the rapid penetration of 
computers into academic and industrial institutions has come a parallel in- 
crease in the number of scientists and researchers designing their own soft- 
ware. The existence of much of this software remains unknown to even those 
of us who could most benefit from its use. We believe that it is of vital 





importance to our readers that such information be made available. We be- 
lieve also that a professional journal is the best place to share such in- 
— formation. Your contribution would be most welcome. 


The questionnaire on the following pages is designed to assist you in 
reporting on software that you may have developed or be in the process of 
developing. By completing this form, your information will reach thousands 
of your colleagues who may benefit from your work and may possibly offer 
suggestions for further enhancements to your software. Please complete the 
enclosed form and return it to: 










Kathleen S. Mourant 
Assistant Editor 

CEMENT and CONCRETE RESEARCH 
Materials Research Laboratory 
University Park, PA 16802 USA 


We do not intend to review or comment on the contents of the question- 
naire. It will be published as is in order to expedite the information 
cycle process. We welcome any comments you may have. 










CEMENT and CONCRETE RESEARCH 


SOFTWARE DESCRIPTION FORM 


Title of Software Package: 

















It is: [ ] Application Program [ ] Utility [ ] Other al 


Specific Area (e.g. Thermodynamics, Phase Analysis) 





Software developed for [name of computer(s) ] ah, 
in [language(s) ] to run under [operating system] 
and is available in the following media: 











[ ] Floppy Disk/Diskette Specify: 
Size _ Density _ [ ] Single sided [ ] Dual sided 


[ ] Magnetic Tape Specify: 
Size Density _. Character set __ 


Distributed by: _ Sa a el a il 











Minimum Hardware Configuration Required: 


Required Memory: 


User Training Required: [ ] Yes [ ] No 


Documentation: 
[ ] None [ ] Minimal [ ] Self-documenting [ ] Extensive External Documentation 


Source Code Available: [ ] Yes [ ] No 


Level of Development: 
[ ] Design Complete [ ] Coding Complete [ ] Fully Operational 
[ ] Collaboration would be welcome 


Is Software being used currently? [ ] Yes [ ] No 
If yes, how long? 





If yes, how many sites? 


Contributor is available for user inquiries: [ ] Yes cq 


(over) 


E> ) Pergamon Press, Inc., 
*, } Maxwell House, Fairview Park, Elmsford, N.Y. 10523 ¢ Headington Hill Hall, Oxford OX3 OBW, England 








Description of what Software does [200 words]: 


Potential Users: 





Fields of Interest: 





Name of Contributor: 





Institution: 





Address: 








Telephone Number: 





Reference No. [Assigned by Journal Editor] 





[The information below is not for publication. ] 
Would you like to have your program: 
Reviewed? [ ] Yes [ ] No [ ] Not at this time 
Marketed and Distributed? [ ] Yes [ ] No [£ ] Not at this time 





Pergamon Press, Inc., 
 ) Maxwell House, Fairview Park, Elmsford, N.Y. 10523 @ Headington Hill Hall, Oxford OX3 OBW, England 





Printed in the 


Ltd. 


Vol. 14, pp. 161-169, 1984. 
Copyright (c) 1984 Pergamon Press, 


CEMENT and CONCRETE RESEARCH. 
0008-8846/84 $3.00 + 00. 


IATOD 


STUDY OF THE STREN DEVELOPED BY STASLE GARSONA 


PHASES ot HIGH - ALURITNA CEMENT 


Instituto 
Serrano Galvache s/n 


a0 


Madrid = 33 


(Refereed) 
in final 


(Received Jan. 20; form July 15, 1983) 


ABS TRA‘ 


direct hydration 


cemperatures 


bonatio 


in strength 


iin It is the presence thermodynamic 


nated phases, The opt are 


the aa cacao being 


strengths 





tempera % 


etal mrt 
“§ atin 


“~ - dn : £ Le L. etapa ee 
sSonverts ot cubic hydrate, 


“i f) eye 


conversion, 


Jung ae 
cYpical 


hat reason, smperatures 
~7 eal 4 
alumina cement 


codes govern: 


‘ie have studied the hydration of 


135 


a eal ee ee Sus Nae Fe fant 
res aDoOveEe OU , +h O7 lu 


thereby avoiding t 


rt 
ana 


onl an titan) 


conversion reac 


USA. 





M. Pérez Méndez and F. Trivino Vazquez 


re mixing as well as 
tc. 
In previous papers (2) (3), the chemice 


+ho yc t aner An ocoyvaluation of -by Flexural and onnressive stre debe 
e oresent paper y OT CVA ACLOMN O cne Frlexures ant COMpPYressSive Svcrengtns 


obtained from different curing conditions is described, 


Experimental Procedure 





The high alumina cement used in all cases was an A=550 (4) whose chemical ana- 
lysis is given in a previous paper (2). The aggregate employed was silica sarc 
and distilled water was always used. Two types of mortar were prepared: 


igh alumina cement b) High alumina cement + 20% by mass of Caco, 
20 


(80 parts of cement + parts of CaClo_) 
3 
Aggregate (C:A Aggrejyate (CsA = 133) 


Water Mi Q Vater (w/c = 0.42) 


Different conditions and times of curing were used for both mortars. The main 
variables for both the hydration and carbonation processes were the temperatu 
re and time. Two groups of hydration times were studied A) Long: 28 days, and 


fan) 


3) Short: 3 hours at 80 C, and 6 hours at 60 


Effect of W/C Ratio on Strength in the Hydration at 80°C 27 A preliminary stucy 
fF the strength variation with W/C ratio in the hydration with thermal treat 





ment was carried out. For this purpose, 4 x 4 x 16 cm prisms were made using 
alumina cement mortar (type a ), using W/C ratios of 0.46, 0.44 an 
These values are between the critical value of 0.4 and the value of O.§5 
standard for mortar preparation (4). All the 
g6°C for 24 hours before measuring their flexu 
sresSive strengths. Table 1 shows the results. 
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24 hours. Finally, their flex 
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were measurec. Table 2 gi he st gtrs for the three admixture proportion 


for each of two different W/' atio 0.40 and 0.28. 


An increase an bibeapttiede was observed as the W/C ratio decreased from C.40 to 
Lf 


the highest value being that for the minimum W/C ratio with the minimum 
quantity of admixture proportions studied. This suggested the possibility of 


uSing lower \!/0 ratios with the admixture proportions studied, 



















STRENGTH, HIGH-ALUMINA CEMENT, CARBONATION, STABILITY 


Table 2 


Flexural and Compressive Strengths (MPa) of Specimens with Super=Water-Reducer 
Hydrated at 80 C for 24 Hours 














w/C = 0.40 w/C = 0.38 
1% 0.2% 0.1% 1% 0.2% 0.1% 
Re (MPa) 9 12 13 9 11 14 
A, (MPa) 43 50 53 54 52 66 
Results 


1x 1x 6 cm Specimens were prepared uSing the two types of mortar previously 
deseribed: with and without CaCO... A summary of Flexural and compressive 
strengths (MPa) obtained for each curing condition is given in Table 3. Stan 
dard deviations are in brackets after each strength value. 
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Discussion 


4 ie 
98 


ts 


A. Strengths of Specimens Hydrated for Long Times (28 Days). Curing conditions 
% in Table 3 show the strength of specimens hydrated 28 days at aoc, 60°C 
and 80°C compared with those hydrated at 20 C. The large values for specimens 
hydrated at 20°C are due to the presence of CAH as the principal hydrated 
phase which is well-known as giving the usual high strengths to high alumina 
cements: Temperatures above 30°C cause C,AH_ to appear as the principal phase. 
This was confirmed by infra-red (IR) spectroscopy and x-ray diffraction (XRD) 
(2). The strength given by this hydrate is lower than that given by CAH, ° 
This effect is shown by the value for hydration at 40 © as compared to that 
obtained at 20°C. 
















Further, a considerable increase in strength is observed when the hydration 


temperature is increased, although CAH. is obtained in all cases. 


Fige 1 shows the strengths of specimens hydrated at aoc, 60°C and 80°C for 
28 days. Curves fitted by linear regression to the average flexural and com 
pressive strengths are shown together with the 95% confidence limits. In 

each case, extrapolations to 100°C are indicated by dotted lines and the 
equations of the curves Ref (T°c) are given. A hypothesis that the standard 
deviation varies linearly with temperature has been partially confirmed. 
However, further experimental work will be necessary to confirm the hypothesis 
and therefore, on this basis, to carry out a linear regression analysis of 
strength with temperature. 











CO_ treatment of the hydrated specimens for 3 days under curing condi- 
tions B-A, causes an increase in strength with respect to the specimens 
which had only been hydrated. Two sets of carbonation temperatures were uSed: 
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” 
they increase linearly with the 
temperature uSed,. The strength 
increase is interpreted as being due to the formation of carbonated phases 


according to: 


Xe 


re) 


33,AH. + SCO_—>Cal0, +i-Al_0 
as J 2 
Araconite 
+ 6H_O 
ves 


Since this reaction is favoured 
at higher temperatures. 


The compressive strength increa— 
Ses obtained when the carbona — 
tion is performed at 20°C with 
respect to the specimens which 
have only been hydrated are: 


Fige 2 
‘e) 
Effect of SO_ Treatment at 20 C 


on the Compressive and Flexural 
Strengths and Their 95% Confiden 
ce Limits for High Alumina Cement | 




















Mortars Hydrated for 28 Days at 
40 C, 60 © and SOC. 
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76 = 58 18 MPa 
77 = 70 7 MPa 
86 = 80 6 MPa 


a) a) 
The smaller increases for samples hydrated at 80 C and 60 C as compared to 


those hydrated at 40°C, is interpreted as due to insufficient carbonation 
treatment — 3 days at 20 C = after hydration at 80 C and 60 C for Such a long 
time, 28 days. This was confirmed by IR spectroscopy (2). If the carbonation 
takes place at the same temperature as the hydration, the increases in the 
average compressive strength values with respect to the specimens which have 


only been hydrated are: 


19 MPa 
23 MPa 
34 MPa 
The thermal treatment which accompanies the carbonation causes a much more 


0 
pronounced increase in strength than that obtained at 20 C, the increase being 
higher as the temperature increases. The results are summarized in Table 4, 


Table 4 


Increase of Compressive Strength Due to CO, Treatment 





fs) 
Hydration Temperature Carbonation at 20C Carbonation at the 
Hydration Temperature 


A R_(wPa) AR. (MPa) 





19 
23 
1 





8. Strengths of Specimens Hydrated for Short Times. The hydration times used 
in this case were 3 hours at 80 C and 6 hours at 60'S; these were long enough 
to get CAH. as the principal hydrate. It can be seen in Table 3 that the 
curing conditions 7- B, with short hydration times followed by carbonation 
for 1, 3 and 5 days,have similar strengths to those obtained after 28 days 
hydration and 3 days carbonation (B-A) at the same temperature. 





“ ; ie) > 
After hydrating the specimens for 6 hours at 60 C and carbonating for 18 hours 
at the same temperature to a total age of 24 hours from the end of mixing, a 
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R = 75 MPa is obtained. This is 
81% of the value of 93 MPa, obtai 


ned for specimens hydrated for 
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40 28 days at 60 C and carbonated 


for S days at the same temperatu 
Rp =9,367+ 0,095T re. If the carbonation is conti- 


nued for 3 days, the compressive 
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20+ Toe ezea (2) strenjth reaches R = 80 MPa 








ee i(= 
650 of the value taken 





fo) 


which is 





as the control { 31 days of 





treatment). Carbonation for 5 























days leads to aR = 81 MPa, 






TRC which is 87% of the control. This 






implies a considerable saving in 






time anc energy Since a very good 





— 


PR is obtained only 24 hours after the end of mixing. This is 81% of the 






strength obtained in the control after 31 days. In both cases, the same 





compounds were formed (2). 










If the specimens hydrated for 24 hours at 60 C are later carbonated at the 
same temperature for 24 hours, the compressive strength reaches the value 





R = 74 MPa which is 79% of the control. This fact, according to the IR and 





AD data, suggests a Slightly lower R than that obtained with specimens hy= 
jrated for 6 hours. Really, after treatment with CO, For 24 hours, more un= 
carbonated GC AH. was found by IR and XRD in specimens hydrated for 24 hours | 
chan in those hydrated for 6 hours. In specimens hydrated for 6 hours at 60 C 
and carbonated for 16 hours, more of the cubic C_AH_ is transformed into the 


the next structural trans 








D 





L 


stable carbonated phases, Short hydration times Tet 
Formation, carbonation, occur more eaSily as the specimens are ina State we 







call "Semiplastic", less rigid than for longer hydration times. 





Carbonation for 3 days at 60°C of specimens hydrated for 24 hours at the same 
temperature results in anR_ = 81 MPa which is 88% of the control. The strength 
obtained after 5 days of carbonation was A = 82 MPa, (88%). When the specimens 
were hydrated at 80 C for 3 hours followed by carbonation for 21 hours at th 
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same temperature, for a total time of 24 hours, the A. value obtained was 

71 MPa (76%); a value of 91 MPa was reached after 3 days _ of carbonation (98%). 
For the specimens which were hydrated for 24 hours at 80 “rs a value of 

R = 72 MPa was obtained after carbonation for 24 hours at the same temperatu 
re, 78% of the control; the value increased to 88 MPa after 3 days of carbona 
tion (95%) and to 93 MPa after 5 days (100%). 





Specimens with CaCO. 
a) 


In the studies carried out with specimens containing CaCO. mixed with the ce=- 
ment, comparatively higher values of the mechanical strengths were obtained 
than for specimens without CaCo., 


Table 5 


Effect of Calo, Addition to the Mortar on the Compressive Strength after 
a 28 Days Hydration 





Curing Conditions Specimens without CaCO, Specimens with CaCO 
R (MPa) R. (MPa) 





Hydration for 28 days 
at 60 C 


Hydration for 28 days 
at 60°C and carbona = 
tion for 3 days at 

60 C 





The increase in strength produced by the CaCO_, table 5, is interpreted as due 
to the compounds appearing in the specimens. IR and XRD showed them to be ara= 
gonite, alumina and bayerite (3). As for specimens without CaCO_, the CO 
treatment after the hydration caused an increase in strength. The value of the 
increase in the case of 60 C was: 


A R. = (97 - 74) MPa = 23 MPa 


This was an increase of 130% with respect to the R. value obtained after 28 
days of hydration. 


The same argument as was made for specimens without CaCO. can be given for 
the curing conditions with short hydration times. They relate the optimal 
values obtained in the present paper with the minimum time needed. Table 6 
shows the compressive strength for each case as a percentage of the value 
for the control (97 MPa). 
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Table 6 


Compressive Strength Expressed as % of the Control for Each of 
the Curing Conditions 6 -B 





% with Respect to 97 MPa 


Curing Conditions 
” — after 31 days 











60°C (6 hours) + CO, (18 hours) 60°C . 66% 

+ CO, (3days) 60C 88% 

+ CO, (5 days) 60°C 82%, 

60°C (24 hours)+ CO, (1 day) 60°C 79% 

+ 0, (3 days) 60°C 85% 

+ 00, (5 days) 60°C 92% 

go°c (3 hours) + 00, (21 hours) 80°C 83% 

+ C0, (3 days) 80°C 93% 

= + 00, (5 days) g0°C 99% 
14 g0°C (24 hours)+ co, (1 day) g0°C 105% 
+ 00, (3 days) BoC 105% 

+ CO, (5 days) 80°C 108% 









Conclusions 


From the high strength values obtained after short times and the appearance of 
the same stable carbonated phases as were obtained after a longer curing of 

31 days, we conclude that: Thermal treatment during the hydration and subse= 
quent carbonation of the high alumina cement not only stabilizes the product, 
but also contributes significantly to its strength. 







The addition of 20% by mass of CaCO. to the anhydrous cement before mixing cons 
titutes the optimal case, as it improves the strength even at very early ages. 
After 24 hours of hydration at go°c and 24 hours of carbonation at the same 
temperature, a compressive strength of 101 MPa was obtained with a 1:3 mortar 
of high alumina cement containing CaCO... 
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ABSTRACT 
The Mossbauer spectroscopic and x-ray diffraction investigations 
have been carried out on a variety of ordinary portland, portland 
pozzolanic, portland slag and sulphate resisting portland cements, 
using dry as well as hydrated samples. The discussion of the 
Mossbauer parameters shows that Fe atoms occupying distorted octa- 
hedral and tetrahedral sites in the dry cements are hydrated to 
form ferrite monosulphate without producing Fe(0H)3 and its gel; 
hydration of the slag cement proceeds much faster than other 
cements; and that the composition of the iron-bearing phase in 
the sulphate resisting portland cement, studied in detail, is 
close to CaAF. 


Introduction 


The term portland cement (P.C.) is generally used to represent the group of 
cements consisting of ordinary portland cement (0.P.C), portland pozzolanic 
cement (P.P.C.), portland slag cement (P.S.C.), sulphate resisting portland 
cement (S.R.P.C.), etc. The main constituent compounds of these cements are: 
C3S, 8=C2S, C2A and CoF)_yA, with O<x<0.67. In addition, these cements also 
contain gypsum and small quantities of the oxides of Mg, Na, K, etc. It is be- 
lieved that C3S and C3A contribute significantly to the hydration of cements; 
therefore these phases have been studied in more detail than the other two com- 
ponents (1). However, recently it has been realized that higher concentration 
of the ferrite phase (C2Fj-yAy) increases the strength and stability of cements 
(2-4) and attention has been paid to understand its role in the hydration pro- 
cess. Some of the workers (4-10) have carried out their investigations using 
the general techniques of conduction calorimetry, differential thermal analysis, 
infra-red spectroscopy, x-ray diffraction, electron probe analysis and electron 
microscopy, while others (11-14) have employed the iron-site selecting Méssbauer 
effect in their studies. The usefulness of selectivity of Mossbauer spectros- 
copy for iron in the compounds occurring in the cements is exemplified by the 





Part of this work was presented at the International Conference on Applications 
of Mossbauer Effect held at Jaipur, India, in December 1981. 


170 





Vol. 14, No. 2 171 
MOSSBAUER SPECTROSCOPY, X-RAY DIFFRACTION, CEMENTS, SLAG, POZZOLANS, HYDRATION 


fact that Tamas and Vertes (11) used their experimental data to show that Fe(0H)3 
is not formed during the hydration of C4AF and thereby obtained answer to the 
problem of its hydration mechanism. This aspect has recently been corroborated 
by the finding of Harchand, et al. (14), that neither Fe(0H)3 nor its gel is pro- 
duced in the hydration of CoFy- xk phase in the cement. However, most of the 
Mossbauer spectroscopic work on th e hydration of ferrite phase has been performed 
on pure compound and many workers (15) still seem to believe that Fe(0H)3 is 
formed as a result of hydration of this system. Obviously, the study of hydrat- 
ion of CoF]_y,A, continues to be a topic of interest. This is more so because the 
Mossbauer Spectroscopic investigations on the hydration of CoFy_ xAy in the ce- 
ments, in the presence of other phases, have been very limited and essentially 
qualitative. 


Realizing the importance of hydration of the ferrite phase in various ce- 
ments and appreciating the difference in its behaviour in cements as compared to 
the pure state (14,16,17), a detailed investigation of this phase in a variety of 
dry as well as hydrated portland cements has been taken up through Mossbauer 
spectroscopy. The results of these findings together with the x-ray diffraction 
data, constitute the content of this article. 


Experimenta] 


The samples of 0.P.C., P.P.C., P.S.C. and S.R.P.C. under report, were pro- 
cured from different sources and their oxide composition, in mass percent, is 
listed in Table 1. The x-ray diffraction and Mossbauer spectroscopic studies of 
dry powders were carried out as described in an earlier communication (18). It 
turned out that the results for all the samples of 0.P.C. are essentially ident- 
ical among themselves and so is the situation in case of two samples of S.R.P.C. 
Therefore, the detailed studies were performed only on one sample of O.P.C. 
(labelled as 0.P.C.5), one sample of S.R.P.C. (viz. S.R.P.C.2) and each of the 
samples of P.P.C. and P.S.C. For this purpose the hydration of the samples for 
different intervals of times was carried out as detailed in Ref. 18 and then x- 
ray diffraction as well as Mossbauer spectroscopic data were recorded at room 
temperature. The results of the Mossbauer spectroscopic study of 0.P.C.5 and 
P.P.C. have been presented in Ref. 14. However, now we have been able to im- 
prove upon the fitting of the data reported earlier and are combining the main 
results for these two samples with the findings obtained from the detailed in- 
vestigation of P.S.C. and S.R.P.C.2. 


The computer fitted Mossbauer spectra of dry as well as hydrated samples 





Table 1 
Chemical Composition of Various Portland Cements, in Mass Percent 





Sample Ca0 S10, 50. MGO Others 
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OPC 1 
OPC 2 
OPC 3 
OPC 4 
OPC 5 
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SRPC 1 
SRPC 2 
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for 4 weeks of the samples of OPC5, PPC, PSC and SRPC2 constitute the contents 
of Figure 1. 







Results and Discussion 





The peaks in the x-ray diffractometer traces of the dry samples have been 
assigned on the basis of available literature (19,20) to various components of 
cements as shown in Table 2. 

The values of 20 differ by wrt SRPC 2 (4 week) 
less than +0.1° from one 
sample to another and the 
intensities of the peaks 
depend on the relative con- 
centration of the constitu- 
ent compounds. For example, 
almost zero intensity of 
peak at 33.0° for C3A in 
S.R.P.C. implies that the 
concentration of this com- 
ponent in the cement is be- 
low the detectable limits. 








: SRPC 2 (Dry) 








=~» OPC 5 (4 week ) 






- OPC 5 (Ory) 





PPC (4 week ) 


In the case of hydrated 
OPC5, the intensity of the 
peaks corresponding to C3S 
and ag S decreases and that 
of the peaks at 29.5° due to 
C-S- 1} tohase increases with 
time of hydration. The de- 
velopment of peaks at 23.1°, 
34.4° and 41.1° indicates 
the production of ettrin- 
gite whereas the peaks at 
Mie 4 Oe. 4 ese 4 MPa 5 
etc. are due to CaC03 which 
is produced during hydration 
through some contact with 
atmospheric carbondioxide. 
The trace for hydrated PPC 
shows of increasing intens- 2.0 -10 0.0 10 2.0 
ity at 20.9° and 26.8° in 
addition to those observed 
for OPC. These two peaks FIG. 1 
have been assigned to the ‘ 
hydration product CASoHq. In 
both the cases there does not 
seem to be any peak corresponding to Ca(0H)9 indicating that the amount of this 
compound if formed is below the detection limits. 


PPC (Ory) 


* PSC (4 week) 


Resonant absorption 






3% PSC (Ory) 








L j l i. Jj 











Relative velocity (mm 3) 







Mossbauer spectra of dry and hydrated samples 





The trace for 4-week hydrated SRPC2‘is very clear and exhibits peaks of 
Ca(OH)2 at Bragg 20 angles 34.1°, 47.1° and 50.8° and those of C-S-H phase at 
28.9° and 32.1°. However, the graph for 4-week hydrated PSC is relatively com- 
plex and additional peaks arising from the presence of C3AHg, C4AH]3 and ettrin- 
gite are also observed (19.20). 








The Mossbauer Data 










The x-ray crystallographic work on the single crystals of CoFy for 
different values of x, has shown that Fe occupies octahedral and tl ears 
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Table 2 


The Assignment of Different Peaks in the X-Ray Diffractometer 
Traces, to the Compounds Percent in Portland Cements 

















Compound Bragg angle, 20 (in degrees) 

C3S Zsa) eady.oeces 81,3, St.7 
B-C5S Jesh yess Dep oy 41.3 
C3A 33.0;. 26.6 
CoFy_yAy 33.8, 46.8 
CA a, St, 
Ko. 33N80. 6 7AIS 194 29:6; 23.0 
CeAgMS ately Se9 
Si0, 26.7, 20.8 
Gypsum 29.3 


sites, whose relative concentration varies with x (21). Therefore, it is rea- 
sonable to expect that Fe occupies similar sites in the cements also. Of 
course, the bonding of Fe is altered by the presence of other phases and this, 

in turn, distorts the octahedra and the tetrahedra. In addition to this, some 
of the iron phase may be converted into hydrate due to its contact with moisture. 
Accordingly, it is anticipated that the Mossbauer spectra of dry samples are 
composed of two or three doublets; the absence of third doublet implying absence 
of the hydrated phase. 


In view of the above remarks, the analysis of the Mossbauer spectra of dry 
powders of various cement samples has been carried out in terms of two or three 
doublet patterns. The parameters derived through the computer fitting of these 
Spectra are listed in Tables 3-6. 


While executing the computer fit of the Mossbauer spectra for the hydrated 
cements, good fit was obtained with three doublets in all the cases except PSC 
where such a fitting led to inconsistent results. Rather, this spectrum had to 
be fitted in terms of two doublets. The reason for this departure seems to lie 
in the fact that the quality of the spectrum is very poor, in spite of 1.6x 106 
counts/channel, due to low Fe703 content (1%). The Mossbauer parameters for the 
hydrated samples are also included in Tables 3-6. 


In the dry samples of OPC, PPC and SRPC the first doublet with higher val- 
ues of isomer shift and quadrupole splitting seems to be due to Fe at the octa- 
hedral site, while the second doublet with smaller values of these parameters 
is due to the tetrahedral iron atoms. The third doublet with much smaller mag- 
nitude of quadrupole splitting is assigned to the hydrate of ferrite phase. This 
assumption is justified by the fact that intensity of the third site increases 
with time for which the cement has been hydrated. In the case of PSC, the first 
doublet pertains to the iron atoms distributed in both the octahedral and tetra- 
hedral sites. The second site with lesser quadrupole splitting is that due to 
the hydration product. 


A perusal of Tables 3-6 shows that the isomer shifts and quadrupole split- 
tings do not change with the time of hydration. This is in contrast with the 
observation reported for the hydration of pure compound C4AF, wherein quadrupole 
splitting decreases with time and finally becomes zero (11). The difference in 
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Table 3 


Mossbauer Parameters for Dry Samples of Different OPC and the 
Hydrated Sample of OPC 5 


Isomer shift Quadrupole Relative 
(w.r.t. Fe) splitting percent 
waa oe” intensity 
ye ) ty 
OPC | ae de (8 | -) 
(Dry) 
OPC 2 ao 60. 
(Dry) 
OPC 3 4 0. 
(Dry) 
OPC 4 a 
(Dry) 
OPC 5 . 34 
(Dry) 
OPC 5 . 36 
(1 Day) 
OPC 5 53D 
(1 Week) 
OPC 5 . 34 
(2 Weeks) 
OPC 5 235 
(4 Weeks) 





Sample 











the hydration of the ferrite phase in free state and in the cements is under- 
standable because the pure ferrite phase forms cubic hydrates (11) whereas in 
the presence of gypsum, which is present in all the cements, it leads to the 

formation of ettringite which is finally converted into iron-substituted mono- 


sulphoaluminate (2,5,22). 
In view of the comments made above, it may be concluded that the Fe atoms 


giving rise to the doublet with quadrupole splitting nearly 0.4 mms~! belong 
to the Fe-substituted monosulphoaluminate. Furthermore, the Mossbauer param- 


eters corresponding to the hydration product in all the samples are distinctly 


Table 4 
Mossbauer parameters for dry and hydrated PPC 


Isomer shift Quadrupole Relative 
(w.r.t. Fe) splitting percent 
ag" ae” intensity 


6, 55 AE, AE. 
0.12 .68 1.59 
0.11 70 1.59 
0.13 .66 1.58 
0.12 6 1.55 


0.12 66 1.57 
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Table 5 
Mossbauer Parameters for Dry and Hydrated PSC 








~ Tsomer shift Quadrupole Relative Line 
(w.r.t. Fe) splitting percent width 
Sample mms) mms! Linetsatahd mms~! 
as See o>: UR: ee ee. Tee at 
Dry 0.25 0.28 1.65 0.40 70 30 0.49 
1 Day 0.26 0.25 1.59  G.37 62 38 0.53 
1 Week 0.25 0.28 1.63 0.41 34 66 0:33 
2 Weeks 0.25 0.28 1.0% 0.45 29 7] 0.56 
4 Weeks 0.24 0.28 1.03 0.38 28 72 0.54 





different from those of Fe(0H)3 and its gel; for which the two parameters are 
Fe(OH)3: 6 = 0.25, AE = 0.72 and Fe(OH)3 gel: 6 = 0.45, AE = 0.75 mms~! (23). 
Therefore, the formation of Fe(OH)3 and its gel during the hydration process in 
various portland cements is ruled out. This conjecture is in agreement with 
that of Tamas and Vertes (11), but in contrast with the prediction of Teoreanu, 
et al. (15) for the hydration of CAF. 


From Tables 3-6, it is obvious that the intensity of the third site in- 
creases with the time of hydration, at the costof other two sites; in the case 
of PSC the intensity of second site increases while that of the first site de- 
creases. This indicates that more and more ferrite monosulphate is being formed 
during the hydration of portland cements. A comparison of the rate of increase 
of intensities for ferrite monosulphate with time of hydration for various ce- 
ments shows that the hydration is fastest in the case of PSC. This is due to 
the fact that this cement has low S03 content and lesser release of Ca(OH)? dur- 
ing hydration, as observed from the development of the peaks corresponding to 













Table 6 


Mossbauer Parameters for Dry Samples of SRPC 1 and SRPC 2 and 
the Hydrated Samples of SRPC 2 
























“TIsomer shift Quadrupole §—-—™—sW/ Reidlative ~=CO Line 
(w.r.t. Fe) splitting percent width 
late te ee, a 
oe OM, Se ee is 
























SRPC 1 G55) JUeIs - 1.67 34 - 59 4] ~ 0.46 
(Dry) 

SRPC 2 0.34 0.16 - t.467. 1:52 - 67 cS 0.46 
(Dry) 

SRPC 2 0.30 OU.9s O27 135 1.50 0:37 61 3] 8 0.44 
(1 Day) 

SRPC 2 O.34 0.15 0.32 1.64 1.54 0.42 54 = 26 20 0.44 
(1 Week) 

SRPC 2 O28 08.14 0.33 148 1.352 0.39 54 26 20 0.46 
(2 Weeks) 

SRPC 2 O.35 0,34 .3.3) 1.64 1.58 0.44 | ee 5 ee 0.42 





(4 Weeks) 
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Ca(OH)> in the X-ray diffractometer traces, and the presence of gypsum as well 
as Ca(0H)o retards the hydration of ferrite phase. 


In the case of SRPC 2, the ratio of the intensities for octahedral and tet- 
rahedral sites in the dry cement is found to be 2.04, which suggests that in 
this cement the ferrite phase is close to CgAF (24). Furthermore, this inten- 
sity ratioremains fairly constant with hydration implying that both the sites 
have equal tendency for hydration. Similar type of behavior is also obtained 
in the case of OPC and PPC with hydration. 


The ratio I}]/I2 in various cements is different implying that the composit- 
ion of the ferrite pnase CoF]_,A, is not similar in all these cements which may 
be a consequence of the method of preparation and the proportion of materials 
used. 
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ABSTRACT 
In the crystal structures of all calcium silicates which are reacting 
with water,and only in these, there are infinite building units of 
CaO, polyhedra linked by face-sharing. Resting on Pauling's rules 
on the stability of ionic compounds, a hypothesis is developed why 

this structural feature makes the reaction with water easier. The 

influence of thermal history of reactive phases and their content of 
foreign oxides on their reactivity is discussed. 








Introduction 


There are marked differences between the various anhydrous calcium sili- 
cates with respect to the rates of their reaction with water. While C3S is re- 
acting rapidly, other calcium silicates, e.g. y-CoS are nearly stable against 
water. The reason for these differences should be looked for in the arrange- 
ment of the atoms in the undisturbed crystals. Disturbances in the crystals 
formed, for instance by grinding or by substitutional disorder, only gradually 
influence the reactivity but cannot be their origin. Therefore, reactive phases 
are reactive with and without substitutional disorder, and unreactive ones do 
not become reactive by grinding or alloying. 


In the past ten years the crystal structures of some calcium silicates have 
been determined for the first time or redetermined with higher accuracy, so that 
it is now worthwhile to ask again the question for the structural background of 
reactivity. 





Features of the Crystal Structures of Reactive Phases 





A survey of the crystalline phases in the system Ca0-Si09 is given in Table 
1. Accordingly, all reactive calcium silicates are monosilicates but this holds 
for the unreactive y-CoS too, whereas all calcium silicates with polymeric an- 
ions are unreactive. 


From the crystal structures, it follows: 
Bond lengths and angles in the Si0q tetrahedra have the usual values. 
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Table ] 
Crystalline Phases in the System Ca0-Si09 





| | Remarks on the 














Phase | Reactive | Constitution Crystal Structures 
_ ~ | _and Literature 
| CS | yes | Ca,0[Si0,] | 6 closely related 
| | | modifications | 
| Structure of TI: (2) | 
b< | yes | Ca,[Si0,] eesti -2 13) 
e yes | ee | a'H=CoS : (3) 
| yes | | a'L-CoS : (4 5) | 
} yes | | B-Co9S : 6} 
| | no | | ¥7CoS (7) | 
| C489 | | | | 
| Rankinite | " | CaglSiz07] ese | 
tie | | — | (9) | 
iKitchoanite | " = | Cag L(SI04)(S1301g)] | A closely related 
| phase is CeSz | 
CS | | | (10), OD-structure 
| Cyclo- | = no Ca3[Si 09] | A high pressure | VOL 
| Wollastonite | | phase is known (11) | 14 
| ES | 19 
| Chain- no | (Ca[Si0,]) | (12), OD-structure 





|Wollastonite | 








TA high pressure modification of CoS is existing too, in which Si is 
|octahedrally surrounded by oxygen (1). 











Therefore, in the monosilicates the tetrahedra show no striking distortions. 


The Ca ions are surrounded by 6-10 oxygen atoms which form more or less 
distorted coordination polyhedra (Table 2). The average values of the (Ca-0) 
distances in the polyhedra naturally increase with increasing coordination num- 
ber. 








Holes by which entering of water could be made easy if these would be large 
enough and connected to tunnels cannot be found in any of these structures. 





This survey of some structural features of calcium silicates already inval- 
idates assumptions of the reasons of reactivity which were made at a time when 
the crystal structures were not known with sufficient accuracy (13,14,15,16). 
According to these assumptions: 









- The CaO, polyhedra in reactive phases should be more distorted than those 
in unreactive ones. That this is not true can easily be seen e.g. by comparison 
of the octahedra in C35 and y-CoS. 







- The (Ca-0) distances in the Ca0, polyhedra of reactive phases should be 
longer in average than those in unreactive ones. An example of the contrary: 
The average (Ca-0) distance in C3S amounts to 2.42k, in the far lower reactive 
g-CoS this value is 2.50A. 


- Reactive phases should have holes in their structures. That this is not 
true has been said already. And in the example s-/y-C5S a simple comparison of 
the densities which are D, = 3.33 and D,, = 2.97 Mg/m3 shows that in this case 
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Table 2 
Coordination of Calcium by Oxygen 

















Number of Ca per unit cell with 
Phase respect to coordination number 

and mean (Ca-0) distance 
C5 TI 46 VI with 2.41K 

8 VII 2.5] 
a’) -C,S 4 VI with 2.52K 

4 VII 2.60 
(Sr-stabilized) 12. VIII 2.5] 

4 X 2.79 
6-C,S 4 VII with 2.514 

4 VIII 2.49 | 
y-C,$ 8 VI with 2.37A 
Rankinite 12. VII with 2.46A 
Kilchoanite 20 VI with 2.378 

4 VIII 2.51 | 

| Cyclo-Wollastonite 12 VIII with 2.542 

Chain-Wollastonite 2 12 VI with 2.392 | 








the structure of the reactive phase is the more densely packed one. 


The conclusion from failing of these assumptions is that the structural 
reasons for the differences in reactivity do not rest on special features of 
small groups like single Ca0, polyhedra but on the way in which such groups are 
joined together in the crystal structure. In this respect now the pair 


reactive B-C5S / unreactive y-C,4S 


will be considered. This pair is very convenient for a comparison because the 
stochiometry of the counterparts is the same one and the coordination numbers 
of the Ca are not too different. 


At first the common features: The CaO, polyhedra are linked with the Si0q 
tetrahedra by common vertices as well as by common edges. The shortest dis- 
tances between Ca and Si in g- and y-C9S are with 2.97 and 2.96A, respectively, 
practically equal. The same holds for the shortest distances between Si atoms 
which amount to 4.11 and 4.06A in g- and y-CoS, respectively. 


Now the differences: They are inherent in the way in which the CaO, poly- 
hedra are joined together. Additional to common vertices and edges, neighboured 
Ca0, polyhedra in g- but not in y-CoS share faces too (Fig. 1). 


According to one of Pauling's rules on the stability of ionic compounds, 
the transition from vertex- to edge- to face-sharing of neighboured polyhedra 
which is connected with an approach of the central atoms makes the respective 
compound increasingly unstable. 


Therefore, now all crystal structures of calcium silicates were checked for 
face-sharing Ca0, polyhedra and, moreover, with respect to the environment of 
the Ca ions by other Ca ions. In order to have more structures of reactive 
phases available for comparison, the Sr- and Ba-monosilicates and the phase 
alinite, Cay 102C1L(Si0q)3(A10q)], were included (17). The data according to 
Table 2 on the coordination of Ca in alinite are: 16 VI (5 oxygen atoms with 
2.42 and 1 Cl with 3.27A), 4 VI with 2.28A, and 2 VIII with 2.52K. 
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6,78 4 
6,75 4 





FIG. | 


Arrangement of the characteristic group of Ca0, polyhedra in the 
crystal structures of y- and g-CoS. Common faces are hatched. 
Left: y-Co5S Right: B-C9S 


The results of this check are compiled in Tables 3 and 4. The entries in 
these tables rest on the coordination of Ca by 0 as summarized in Table 2. The 
notations "high" and "low" for the reactivity rest on X-ray diffractometric 
determinations of the unreacted educt in the case of alinite (A.I. Boikova, 
IBAUSIL, 1982), C3S (21), a'-CaS (22), B-CeS (22,23), y-CaS (23), Bag[Si0,] (24), 
on differential calorimetric measurements in the case of Ba30[Si0q] (G. Oliew, 
private communication, 1982) and Sr30 [Si0q] (25). 


In Table 3, it can be seen that the number of Ca neighbours of a Ca ion is 
higher and the average distance between neighboured Ca ions is lower for the re- 
active phases. But it can also be seen that these differences are only gradual. 


The characteristic features of reactive phases can be seen in Table 4. Only 
in the reactive phases are there infinite building units of CaO, polyhedra 
joined together not only by vertex- or edge-sharing, but also by face-sharing. 
The only exception of this rule is alinite in which CaO, polyhedra are linked by 
Shared faces only to finite groups, but these continue infinitely via common C1- 
vertices of Ca05Cl octahedra. In the unreactive phase rankinite, there are also 
Ca0, polyhedra linked by common faces, but these are only forming pairs without 
continuation. In the structures of the three Sr- and Ba-silicates drawn in com- 
parison and which are all reactive, there are also infinite building units of 
MeO, polyhedra which are linked by face-sharing (Table 5). 





Hypothesis on the Mechanism of the Reaction with Water 


In the preceding part, structural features were deduced which mark out re- 
active over unreactive phases. Now it shall be tried to develop a hypothesis 
as to why these features are necessary for the reaction with water. 


The Coulomb repulsion forces which act upon a Ca ion by its cation neigh- 
bours are balanced in the intact crystal. But as soon as its structure is dis- 
turbed, for instance by reaction with water, the tendency to follow these forces 
becomes larger the stronger the now uncompensated repulsion forces are. 


In a calcium silicate crystal touched with water, Ca ions of the CaO, poly- 
hedra in the surface of the crystal may be exsolved at which OH and Si-OH will 












Vol. 14, No. 2 181 
CALCIUM SILICATES, CRYSTAL-STRUCTURE, HYDRATION, REACTIVITY, IMPURITIES 


Table 3 


Neighbourhood Relations between Ca Ions. Neighbours are those Ca of 
which the CaO, Polyhedra have common Oxygen Atoms. 


~ 





Mean distance 
between 
neighboured Ca 


3.61K 
47 
.69 
.62 
75 
.87 
.82 
.97 


Mean number 


Phase Reactivity | o¢ neighbours 





Alinite high 


C,S TI high 


7 C98 low 
B-C.S low 
y-Cy 
Rankinite no 





S no 





Kilchoanite no 








Cyclo-Wollastonite no 


= OO Oo a OO UN! 6S 
wo or: SS) oS OOS ee 
CO” Go “ta (6. Ger Ma GS Go 








Chain-Wollastonite | no 





Table 4 





Shared faces | | 
per polyhedron { shared polyhedra | face-shared 
{ range polyhedra 


3.08-3.60 


Phase Reactivity 








clusters, con- 
nected by C17 
to two systems 
of chains 


3-dimensional 
network 


| 

| 

; 
Alinite high | 2.2 

| 

| | 

| | 

| | 3.16-3.68 

| | 

| } 

| 


3-dimensional 
network 


3.48-3.82 


B-C55 ; ‘ 3.43-3.56 spiro-chains 


y-C55 


| 
4 
| 
| 
] 
| 
| 
| 
| 
| 
| 
{ 
| 
| 


Rankinite 

















Other 
Phases 











be formed. In the Ca0, polyhedra behind those in the very surface, the repul- 
sion forces are now no longer compensated. It remains a component directed into 
the original position of the exsolved Ca ion. If the empty and the occupied 
polyhedron share a face, the Ca ion will more easily follow this force than in 
the case of edge-sharing, and pass into the position of the formerly exsolved 
ion. The reason for this fact is that minor shifts of the atoms in the corners 
of a face than of the atoms limiting an edge are necessary to produce a hole of 
equal size between these atoms (Fig. 2). 
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Table 5 
Linking of Me''0, Polyhedra by Face-Sharing 
oe , | | ~~ | Mean distance Building units 
“ar ore | | Shared faces between Me formed by 
co ee «| netivity | per jons in face-shared 
shared polyhedra, 


ad of Me polyhedron 
Oo oxygen polyhedra literature 








! 





3.99A | 3-dimensional 


BaylSi0g] =| high =| 8.0 
| network (18) 


9.5 | 
Ba0(Si0,] | hign «=| 8.7 | 3-dimensional 
8.7 | | network (19) 
Sr,0[Si0, ] - 
6.0 


| 
| 
| 
| 
| 
| 
| 
| 
| 
| 


2-dimensional 
network (20) 


| 
| 
{ 
| 
! 
| 
' 
| 
| 
| 








In the new position, the Ca ion will be no longer fixed tightly because in 
this site the forces which the anions exert on it are partly shielded by protons. 
Thus it might leave the new site too and therefore the crystal at all. If the 
building units formed by face-shared Ca0, polyhedra are unlimited, this process 
will proceed. It is evident that 3-dimensional building units of this type are 


more effective than 2- or 1l-dimensional ones. 


Secondary Influences on Reactivity 


It is known that the reactivity of reactive calcium silicates is influenced 


by kind and amount of the foreign oxides which they contain in solid solution 
and by their thermal history. Such influences are small in the case of C35, far 
more distinct in the case of CoS and, therefore, the following remarks are re- 


ferred to the latter. 





FIG. 2 


Group of atoms forming an equilateral triangle of side length a and 
a line of length a. If these atoms move away from the centre of the 
triangle or line by an amount b, a void is formed (hatched). The 


diameter of the void is 5 
a(= v3-1) + 2b for the triangle 


2b for the line 
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Depending on the kind and amount of the foreign oxides which are solved in 
the CoS crystals, the modifications a, a', or 8 may be stabilized. Moreover, in 
the case of a'-C5S the foreign oxides give rise to various superstructures and 
modulations of the crystal structure (26), which also may influence the reactiv- 
ity. An example: If one denotes the lattice parameters of a'H-C9S with a,b,c 
then a'| CoS generally has the lattice parameters a,b,3c (4,27), but with distinct 
contents of foreign oxide crystals with a unit cell of the size 4a,b,c (5) were 
observed. 


The temperature at which a CoS sample is fired and the rate with which it 
is cooled down may also influence the reactivity. The first one determines the 
highest possible concentrations of foreign oxides in solid solution and the mul- 
tiplicity of twinning. The cooling rate determines the supersaturation, the 
size of twin areas, and probably the variance in the period of an eventually ex- 
isting modulation. 


Twinning results from the diminuation of the crystallographic symmetry at 
the transformations a + a' + 8 according to hexagonal + orthorhombic + mono- 
clinic. In the a'y + a';-transformation, a superstructure is formed. Generally, 
ordering to the superstructure begins in many parts of the crystal at the same 
time. When the growing superstructure areas meet together, with respect to their 
order, they will not always fit. They may be "out of phase." At high cooling 
rates, there is no time to correct such misfits by recrystallization. In Fig. 3, 
the processes of twinning and formation of domains are summarized. 


An example of possible effects of supersaturation: If CoS of composition 
Ca; gBag.2[Si0g] is rapidly cooled down, one receives a very reactive «'-CoS. If 
in contrast the same CoS is cooled slowly, segregation into Ca}, 7Bag_3[Si0q] and 
Ca} 9Bag, 1[Si0g] takes place (a'y + ahs ?) and the reactivity is far lower (28). 
In separate investigations, it was shown that for these differences in reactivity 
no effects of real structure were responsible. 


An example of how twinning may operate on reactivity: When a CoS with some 
foreign oxides in solid solution ("average belite" according to Table 9 in (29)) 
is cooled down from the stability range of the a'-modification, y-C2S is formed. 
When the same is done starting in the a-range, then 8-CoS is received. In the 
last mentioned case, 6-fold twinned g-C9S crystals are formed in which the mono- 
crystalline areas are obviously so small, that the probability to find an active 


"out of phase" 
domains in | "out of phase 
3-fold twins domains 


i 
} 


Scheme of twinning and domain formation at the transformations of C,S. 
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nucleus in them to allow for the 8 + y-transformation is low (30), whereas when 
only twofold twins are formed these areas seem to be large enough for the 8 + y- 
transformation. 


On the Reactivity of Aluminates and Ferrites 


Finally, the question whether the reactivity of the aluminate and ferrite 
phases in clinker may be explained by the same principles as those ones devel- 
oped for the calcium silicates shall be considered. Obviously, these principles 
may be valid only in parts. In C3A and Co(A,F) indeed there are 3- and 1- dimen- 
sional networks of CaO, polyhedra linked by face-sharing, respectively (crystal 
structures in (31) and (32)). But in the reaction with water the cyclohexa- 
aluminate and polyferritoaluminate anions take part also. That the latter point 
- Al0q or Fe0q groups which are joined together by common vertices - is suffici- 
ent to make a phase reactive can be seen in the case of CAy. In its structure 
there are no building units of face-shared CaO, polyhedra, but there are infin- 
ite networks of vertex-shared Al0, tetrahedra 33)), and it is reactive (34). 
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Abstract 


A wide range of inorganic and organic admixtures have been investi- 
gated using isothermal conduction calorimetry. The results are pres- 
ented as a series of maximum rate of heat evolution (Q max) 

versus reciprocal to peak height (1/t max) plots. Using equiva- 

lent molar concentrations of admixture under controlled conditions a 


comparative ranking system of inorganic and organic admixtures has 
been devised. Some general conclusions are drawn about the mechanism 
of action of accelerating and retarding admixtures. 


Introduction 





Heat liberation during the hydration of Portland cement containing 
accelerating and retarding admixtures has been studied previously by the use 
of conduction calorimetry. Stein (1) and Edwards and Angstadt (2) concluded 
that accelerators do not promote the hydration of the C3A but predominantly 


accelerate hydration of the C3S phase of Portland cement. Edwards and 
Angstadt (2) suggested that both cations and anions may be ranked according to 
their general effectiveness as accelerators for cement viz. 


Ca2+ $Mg2+ > Lit >Nat >H,0> 2n2t 


OH~ >C1~ > Br~ >NO3 > S0,2*+~H20 }CH3C0,- 
Murakami and Tanaka (3) used adiabatic calorimetry to rank various inorganic 
admixtures for cement and obtained the following sequence for anions: 


C1~ >S7032~ >S0,27 > NO, 
en sae >t 

and for cations as: 
Ca2+ >Mg2+ > Nat 


Kondo et. al. (4) investigated the effect of chlorides and potassium salts on 
alite by conduction calorimetry. Kantro (5) undertook an extensive study of cs 
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hydration in the presence of various salts at equivalent molar concentrations 
and at different temperatures by means of conduction calorimetry. He examined 
variations in peak height and integrated heat as an indication of accelerated/ 
retarded hydration. He divided admixtures into four groups in terms of those 
with anions that formed soluble/insoluble calcium salts and those with cations 
that formed hydroxides with greater or lower solubility than calcium hydroxide. 
Kantro found broad agreement in the ranking of cations with the work of 
Collepardi et al (6) who studied the rate of hydration of CS. Their results 
indicated that cations decreased in accelerating effect in the order: 


Ca2+ > sr2+ yBa*+ y Lit > Nat 5 Kt. 


Taplin (7) investigated the effect of a number of organic admixtures on the 
setting of Portland cement. The extent of the hydration was determined by a 
method which involved measuring the ignition loss of a paste previously dried 
in an atmosphere of steam at 125°C. He concluded that the hydroxycarboxylic 
groups appeared to be particularly active in producing retardation. Skalny and 
Young (8) reported that Milestone (unpublished data) using conduction calori- 
metry had obtained good qualitative agreement with Taplins findings. 


Previte (9) studied the effect of various saccharide compounds using isothermal 
calorimetry. Previte in classifying the effectiveness of saccharides took the 
end of the induction period as an indication of the initial setting time. He 
showed that the set retardation efficiency was related to molecular weight and 
stability of the saccharide in the alkaline environment of hydrating cement. 
Thus for example, raffinose and sucrose were shown to be very effective retard- 
ers but fructose and ribose had a very minimal effect. 


Yamamoto (10) investigated the effect of a large number of organic admixtures 


on the setting of Portland cement using the Procter needle penetration method. 
His conclusions were similar to those of Taplin (7). 


A variety of different methods have been used to categorise admixtures, in some 
cases in terms of the physical process of setting (e.g. by Procter needle test), 
in others in terms of the chemical hydration rate (e.g. by calorimetry). 
Different parameters have been used to define the degree of acceleration or 
retardation and often a comparison between the relative effectiveness of the 
admixtures has been made difficult by the use of different conditions of 
hydration (different w/c ratios, different temperatures, weight percentage 
additions of admixtures rather than molar proportions, etc.). 


In the present work a systematic survey of a wide range of admixtures is 
presented using conduction calorimetry as the quantitative basis, under cont- 
rolled conditions which allows comparative assessments to be made. The purpose 
is to arrive at a pattern of effect between cations and anions in inorganic 
admixtures and between chemically similar groupings in organic admixtures which 
may provide insight into the way in which these admixtures modify the hydration 
chemistry and thus the setting and hardening of cement. 


Experimental Methods 





(a) Materials 


Two samples of commercial Blue Circle OPC Northfleet were used which had the 
following Bogue compositions: 


Cement A: C3S: 59.64 CoB: 215627 CaA? 8.3% CyAF: 8.8% 
Cement B: C3S: 54.1% Gos? 15.77 GaAs. 954% CuAF: 9.7% 
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(b) Conduction Calorimetry 





Heat evolution profiles from hydrating cement were obtained from a 'Calox' con- 
duction calorimeter which had the facility to bring water into contact with the 
cement (after temperature equilibration) by suction under vacuum. The method 
gave a rapid and efficient mixing of cement and water and allowed heat evolution 
to be measured directly from time zero. The rate of heat evolution was deter- 
mined by measuring the output voltage from thermoelectric sensors and subsequent 
calibration applying Tians equation (11). A water/cement ratio of 0.5 was used, 
the admixture being dissolved in distilled water prior to mixing with the cem- 
ent. Hydration was carried out at 27°C. 


(c) Presentation of results 





The calorimetric curve for Portland cement has the characteristic shape shown in 
figure 1, with an initial exotherm within the first 10 minutes of hydration 
followed by an induction period lasting some 14 - 3 hours. The acceleration 
Stage after the induction period reaches a maximum after about 8 to 10 hours 
under normal conditions and thereafter decreases slowly. 


Admixtures can affect the form of the curve in various ways. In general, an 
accelerator shortens the induction period and produces an earlier heat peak with 
a corresponding increase in height of the maximum rate of heat evolution. A 
retarder has the reverse effect (figure 2). 


On the basis of calorimetry various methods have been used by other authors to 
categorise accelerators and retarders. These have involved measurements of the 
maximum rate of heat evolution Mad and measurement of total heat evolved i.e. 


Rigs ig ate. 


Rate of Heat Evolution Wkg! 











Time mins 


FIG.. 1. 


Characteristic calorimetric 
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Calcium Chloride(0.5M) 


Wkg” ! 


Rate of Heat Evolution 








Time mins 


FIG. 2 


Influence of admixtures on the calorimetric curve 


the integrated area Ay. Also, measurement of time taken to reach the induct- 
ion period minimum (trim and time to reach the maximum in the second isotherm 


(tmax)- 

In our studies we will present results as a series of graphs of the maximum 

rate of heat evolution (Quax) against the reciprocal of the time elapsed from 
the start of the experiment to the maximum in the second isotherm h/t) 

This method of presentation allows the variations in the form of the second heat 
evolution (changes in time to peak height and maximum rate of heat evolution) to 
be clearly expressed. Since an accelerator tends to shorten the induction 
period and 'sharpen' the second heat peak accelerating admixtures can be expec— 
ted to appear at greater values of Qnaxand it. Retarders have the opposite 


effect. As will be shown in a subsequent paper kinetic laws expressing the rate 
of hydration of cement (Avrami equation) predict a proportional dependence 
between a and 1/t., ‘ (LeSueur and Double). 

Results 


a 


Figure 3 shows the merits of this method of presentation. Admixtures are separ- 
ated along a roughly diagonal relationship according to their accelerating (top 
right) or retarding (bottom left) capacity relative to the untreated controls. 
Calcium chloride is clearly shown as a good accelerator with an effectiveness 
that increases with concentration. In this work, the maximum amount of CaCl, 
used was 1M in aqueous solution which would correspond to 5.5 wt% relative to 


dry cement. 
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Amongst the saccharide admixtures, raffinose and sucrose appear as the most 
effective chemical retarders for cement, on an equivalent molar basis. Consid- 
erably smaller concentrations of the saccharides are required to produce signif- 
icant retardation (compared with inorganic salts) and at 5mM concentration the 
retarding effectiveness of the saccharides may be represented in the following 
ranking order: 







Raffinose > Sucrose }Maltose, Lactose > Cellobiose > Glucose > Trehalose 






In comparing inorganic salt admixtures, problems arise from the fact that both 
the cation and the anion may be effective to varying degrees in modifying the 
rate of hydration of cement. In order to rank cations and anions separately 
according to their accelerating or retarding strength, it is necessary to keep 
the concentration of the counter-ion constant. Thus, as figure 4 shows, the 
calorimetric system applied to cements treated with chlorides and nitrates (at 
concentrations of lg ion/litre with respect to the anion) gives approximately 
the following ranking sequence for cations 
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sCattysnittpatt, smMett > SretH4, kcrt++>%Cott > SLatt+t 
>NH, +, K>Lit>cstNat 
<—— acceleration 
1 Cuts zn pptt 


retardation———~ 


In general, as can be seen from figure 4, for a given cation the chloride proves 


a more powerful accelerator than the nitrate. 
in a similar fashion are less successful. 
effect of varying the anion for a range of sodium salts and a range of cobalt 
salts at an equivalent anion concentration of 1 g ion/litre. 
the different anions are more closely bunched together in the plot of Ras 

and the order of their effectiveness seems to depend on the ident- 


However, attempts to rank anions 
Figure 5, for example, shows the 


The positions of 


/ 
versus 5 eee 
ity of the cation. 


FIG. 4. 
Qmax versus 1/thax plots for 
cations at equivalent chlor- 
+ ¢ ° ° 
OCs “ ide and nitrate concen- 
© Na’ . trations (1 g ion/litre). e 


+ 
CONTROL 6 ar ¢ chlorides nitrates 
(Cement A). 
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FIG. 3. 
Qn x versus i plots for 
(a) a range of sodium salts 
e(Cement A) (b) a range of 
cobalt salts O (Cement B) 
at equivalent anion concent- 


ration of 1 g ion/litre. 
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Figures 6 and 7 show the same system applied to a range of aliphatic and 
aromatic admixtures used at a concentration of 20mM. The hydroxycarboxylic 
acids, citric acid and tartaric acid, stand out as powerful retarding agents 
whilst the lower molecular weight and simpler carboxylic acids such as oxalic 
acid and formic acid have relatively little effect. Amongst the aromatic 
admixtures a clear sequence of retarding effectiveness occurs from pyrogallol 
down to benzoic acid and phenol, the retarding power being associated with 
variations in the number and configuration of the hydroxyl and carboxylic groups 
around the benzene ring (see Appendix 1). 


Discussion 


In general, the method presented here of ranking inorganic salts according to 
their accelerating and retarding ability gives broadly similar ranking systems 
of the ionic constituents as those obtained by other researchers. The import- 
ance of calcium in the ranking system is evident but other polyvalent cations 
can have similar accelerating strength at appropriate concentrations. Mono- 
valent and alkali metal cations seem only weakly effective. Attempts to ration- 
alise the ranking system, for example in terms of the relative diffusivities of 
the ions (4) have generally proved inconclusive. For cations, problems arise in 
determining the configurations of the ionic species which in the highly alkaline 
environment of a cement paste (pH 12-13) will mostly be in a hydroxylated state 
in solution (viz Ca(OH)+) or immediately precipitated as insoluble hydroxide. 

As discussed by Kantro (5) the relative solubilities of the hydroxides formed by 
the cations are likely to be an important factor. Studies of Pb and Zn salts 
show that retardation is associated with the precipitation of dense and imperm- 
eable coatings of hydroxide gel around the cement grains, Thomas et al (12), 


Arliguie et al (13). Double (14) has drawn attention to similarities in the 
ranking of ions in terms of their accelerating efficiency and the lyotropic 
ranking sequence of ions (the Hoffmeister series) which relates to the efficacy 


of flocculation of hydrophilic colloids by dissolved electrolytes. Essentially, 


the hydration of cement is seen as being controlled by diffusion of water and 
solute species through protective colloidal C-S-H gel coatings precipitated at 
very early stages around the cement grains. The rate of hydration depends on 
the permeability and cohesion of these coatings. Modification of the colloidal 
gel to a more open flocculated structure facilitates diffusion and accelerates 
hydration. Conversely, coagulation of the coating to a denser, less permeable 
and more adhesive layer results in retardation of hydration. 


For the most part, organic admixtures act as retarders of cement hydration. In 
the aliphatic acids there is a general increase in retarding effectiveness with 
molecular weight but the important factor, as has been pointed out by previous 
researchers (see Skalny et al (8)), appears to be the presence of a- or B- 
hydroxycarboxylic configurations that are capable of strongly chelating a metal 
cation, such as Cat+. In the aromatic admixtures the number and positioning of 
the hydroxyl groups is important (molecules with adjacent hydroxyl groups seem 
most effective as retarders) and again this can be related to their capacity for 
complexing calcium (15, 16). Saccharides are also capable of binding calciun, 
but in this case their chemistry in relation to cement hydration is complicated 
by their susceptibility towards degradation by alkaline hydrolysis. Sucrose and 
raffinose are relatively stable in this respect, and this factor is probably 
associated with their greater effectiveness as retarders for cement. Studies of 
the aqueous solution chemistry of cement have shown that abnormally high concen- 
trations of silicon initially appear in solution with cements treated with re- 
tarders such as EDTA, citric acid and sucrose and this is associated with the 
preferential sequestration of calcium by the admixture (17). Additional factors 
such as the complexation of silicate (or aluminate) may also be important. 
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Citric acid and catechol, for example, in addition to their ability to complex 
calcium are also capable of complexing silica. This factor has been cited as 
the cause of promoted attack on silica glass in neutral and alkaline solutions 
containing dissolved organic species (18, 19). Although no complete explanation 
is avaiiable for the effect of organic admixtures, the general conclusions are 
that the chemistry of precipitation of C-S-H gel is altered by preferential 
complexation of Ca and/or silicon either in solution or by incorporation into 
the precipitated gel. The result is the formation of less permeable and more 
adhesive gel coatings around the cement grains, resulting in a retardation of 


hydration. 
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ABSTRACT 
X-ray mapping of selective elements under the SEM (fitted with 
an EDS), helps to establish the actual distribution and location of 
minor elements in aclinker. From these maps K-rich belite and MgO 
(periclase) grains were observed. The existence of alkali sulphate 
could also be established. The distribution of Ti was restricted to 


the alite lattice. 









INTRODUCTION 














X-ray mapping of selective elements was found particularly useful as a 
supplementary tool in the course of quantitative microanalysis of Portland 
cement clinkers by SEM-EDS. The electron probe is known for its lateral 
spread on impingement with the specimen being examined. In addition, the 
small size of grains (<5yum), especially the interstitial matrix phases in 
cement and clinker, is liable to generate spurious x-ray peaks of adjoining 
grains and/or inflate the existing peak heights. 










METHOD 











The principle and a suitable method of x-ray dot imaging under the SEM 
has been described earlier (1). Experience shows that the slower the scan 
rate (depending on the design of the instrument), the greater the density of 
x-ray dots. For the present series of x-ray maps on a JEOL 500 SEM, a scan 
rate of 500 secs was found acceptable for all the elements, except for Si and 
Ca. Owing to the high concentration of Si in comparison to the other minor 
elements mapped, a faster rate (250 secs) was adopted. This precludes toa 
large extent the possibility of imaging the x-ray dots arising from the high 
background. 
















*Study carried out at The Pennsylvania State University. 
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RESULTS AND DISCUSSION 





The importance of this method in relation to the elemental distribution 
in a clinker is now briefly described. 

A few interesting observations were made from the results of a series of 
quantitative analyses of clinkers: 

(a) some belite grains appeared to contain high amounts of both Ef 
(up to 2%* and 1%*, respectively) whereas in others only K concentration was 
high. Concentration of K and S was noticeably lower in alite grains. 

(ob) on occasions the Mg content in the interstitial matrix, particularly 
the aluminoferrite phase) was rather high (up to 4%*), 

(c) Ti was found to be concentrated (up to 1.5%*) only in the alite 


grains, 
X-ray mapping of Si, Al, K, S, Mg and Ti were performed to ascertain 
~ 2 


, 
whether K, S, Mg and Ti are genuine minor inclusions in the lattices, with Si 
and Al or Fe x-ray maps to assist in the process of distinguishing between the 
alite, belite and interstitial phases (Figs. la-f). 

Fron the K and S maps (Figs. la, b) it can be established that some 
amount of K is definitely incorporated ina few belite lattices. These are 
the K-rich belites (2). These two maps (K and S) also indicate from their 
distribution pattern in the clinker the existence of some grains containing EK, 
S and Ca (the x-ray map for Ca has not been included for the monotonous and 


ne 


fairly even nature of its distribution). These grains could be calcium 


langbeinite (C,XS,)**, as suggested by (3) or syngenite, CKS,! (4). According 


to Jawed and Skalny (3), there is a preferential formation of double alkali 
sulphate in the case of K. Taylor (4) suggested that long storage can lead to 
the formation of KCS,H. 

lig was found to be located in regions devoid of any other elements (Fig, 
lc), suggesting that these are MgO crystals. This is interesting because lg 
is believed to replace Ca** in the alite lattice (2), but there is no evidence 
of preferential enrichment in alite from the x-ray map. 

Ti is distributed in the alite grains (Fig. 1d). Since it is possible 
for Al” and Fe to substitute for either Ca’* or Si” in the alite lattice 
(2), it as iakely that Ti’? also replaces either Ca or St ~s 


and § 


CONCLUSIONS 


From the x-ray maps of Si and Al at a slow scan rate, visual 
representation of the morphology of major phases in a clinker were obtained. 
Still slower scan rate yielded the distribution of some minor elements in the 
clinker. K was found to be incorporated in the lattice of some belite grains. 
EK sulphate grains, whose exact composition could not be determined from empa 
were also located. Mg was present as MgQ crystals, while Ti was distributed 
only in the alite lattice. It was observed that very little inadvertent 
inclusion of elements from neighboring grains occurred during the course of 
quantitative analysis, except for Mg in the aluminoferrite phase, and K and §S 
in the belites, the former probably due to the small size of the grains. 
Other minor elements (Na and P) could not be mapped, though they were present 
in the clinker, because the low concentration of these elements (¢1%) was 


below the detection capability of the mapping procedure. 


*by weight percent 
**cement chemists’ notation: C=Ca0. S=Si0, K=k,0, S=S0,, H=H,0 
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FIGURE 1 


X-ray maps of some elements in a clinker, (a) M, (b) S, (c) fg, 


(d) Ti, (e) Si, (£) Al. 


(e) and (f) were used to delineate the grain 


boundaries of different phases. 
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ABSTRACT 


The simultaneous study of both expansion and formation of hydrates up 
to 10,000hours (=~ 400 days) during the hydration of two industrial 
"type M" expansive cements containing calcium sulfate as gypsum or 
anhydrite allows to point out that the expansion is delayed in the 
sample containing anhydrite and that only the expansion at short curing 
time (10-1,000 hours) can be attributed to the formation of colloidal 
ettringite. The formation of monosulfoaluminate was never detected. 


L'étude simultanée de 1'expansion et de la formation des hydrates 
jusqu'a 10 000 heures (soit 400 jours environ) lors de l'hydratation de 
deux ciments expansifs industriels de type "M" contenant initialement 

le sulfate de calcium sous forme de gypse ou d'anhydrite permet de 
montrer que le gonflement est retardé dans 1'@échantillon contenant 
l'anhydrite et que l'attribution de 1'expansion a la formation d'ettrin- 
gite colloidale ne peut concerner que les faibles échéances (10 a 1000 
heures). A aucun moment n'a pu étre mise en évidence la formation de 


monosulfoaluminate. 


Introduction 





Les résultats présentés ci-aprés ont été obtenus dans le cadre d'un 
travail plus général orienté vers 1'étude du comportement mécanique du béton 
armé expansif, matériau pouvant étre utilisé pour limiter, voire supprimer la 
fissuration du béton armé traditionnel. 

Les théories concernant 1'expansion des ciments expansifs sont nombreuses 
et contradictoires. En faisant un bilan rapide de 1'étude bibliographique 
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(1 4 6), nous pouvons tirer quelques points d'accord et de nombreux points de 
désaccord, ce qui nécessitera, pour les éliminer, de nombreuses études complé- 


mentaires. 

1. Quelques points d'accord : 

Lors de ]'hydratation des ciments expansifs, comme pour les ciments 
portland, l'ettringite est le premier hydrate a se former, et cela dés le 
malaxage. 

Pour que l'ettringite formée soit "expansive", il est nécessaire que la 
phase liquide soit saturée en chaux. 

L'expansion peut se poursuivre alors que la quantité d'ettringite cristal- 
line formée (décelable par diffraction des rayons X) reste stable, voire 
diminue. 

L'ettringite intervient dans la résistance de la pate de ciment. 

La "mécanique" de 1'expansion des ciments a retrait compensé ou expansifs 
rencontre un large assentiment : il est nécessaire que |'ettringite ne se pro- 
duise pas trop t6t car alors 1'expansion se fait "a vide", la pate de ciment 
étant trop déformable. L'expansion n'apparait que lorsque la structure de la 
pate a atteint un niveau suffisant de résistance mécanique. 

Le type de conservation ou de cure du béton a une importance primordiale 
sur le taux d'expansion. 

2. Les points de désaccord portent sur : 

La nature de 1'hydrate expansif : mono ou trisulfoaluminate. 

Les conditions de formation de l'ettringite : hydratation avec ou sans 
dissolution préalable. 

L'état de cristallisation de l'ettringite formée (ettringite cristalline 
Ou amorphe) ainsi que la dimension des grains. 

La cause de ]'expansion : pression due a une transformation a 1]'état 
solide, a la croissance cristalline, 4 des forces osmotiques, a des forces de 
répulsion d'origine électrique. 

De nombreux points restent donc a élucider dans le domaine des ciments 


expansifs. Les expérimentations rapportées ci-aprés sont une contribution, par- 
mi d'autres, a une meilleure connaissance des phases hydratées formées et du 


processus d'expansion. 








Etude de |'expansion de deux ciments expansifs 





Nous avons utilisé pour nos essais, deux ciments a retrait compensé de 
type M produits en EUROPE (7), l'un en 1975 (CIMENT A), conservé dans des 
récipients étanches depuis, mais présentant les caractéristiques de 1'évente- 
ment (hydratation de la chaux libre en Ca(OH)2 et légére carbonatation de 
celle-ci - prise plus lente (8)), l'autre en 1981 (CIMENT B). 


Ces deux ciments différent du point de vue de leur composition minéralo- 
gique, essentiellement de part la présence de gypse dans le ciment A, d'anhy- 
drite dans le ciment B. c 


Nous avons confectionné une pdte pure de rapport C ~ 0,27 par malaxage 
pendant cing minutes dans un malaxeur de type RILEM puis nous avons avec cette 
pate, réalisé en paralléle des essais d'expansion, de mesures de résistances 
mécaniques, d'analyse par diffraction X et A.T.D. afin de déterminer 1'évolu- 
tion des différentes phases en fonction du temps. Les éprouvettes de pate pure 
ont été dans tous les cas conservées a 18°C sous l'eau. 





EXPANSIVE CEMENTS, HYDRATION, TYPE "M" 


1. Essais d’expansion : 

Ils ont été effectués a l'aide d'aiguilles de LE CHATELIER de 0,5 mm 
d'épaisseur. C'est un essai d'expansion légérement contrainte mais des travaux 
antérieurs ont montré que 1'épaisseur de l]'anneau n'affectait que la valeur de 
l'expansion et non 1'évolution de 1'expansion en fonction du temps (9). 


Pour les deux ciments étudiés, les résultats sont obtenus par moyenne de 
trois mesures (Figure 1). On remarque que 1'exnansion du ciment A est nettement 
plus @élevée en valeur absolue que celle du ciment B, pour les faibles valeurs 
du temps t d'hydratation. L'expansion du ciment A se stabilise par contre assez 
rapidement pour t = 600 h environ tandis qu'a partir de cette @chéance, |'ex- 
pansion du ciment B se met a croitre trés rapidement. 


Des mesures d'expansion réalisées sur des €prouvettes de pate pure de 
dimensions 4 x 4 x 16 cm a l'aide d'un rétractométre (NFP 15 433) conduisent 4 
un résultat similaire (Figure 2) avec cependant des valeurs d'expansion diffé- 
rentes, ce qui est 1i1é a la forme et a la dimension des éprouvettes. 


L'expansion moins importante du ciment B a court terme (jusqu'a 1000 h 
environ) doit étre due a l'effet retardateur de ]'anhydrite (comparativement 
a l'effet du gypse) dans la formation de 1l'ettringite, comme indiqué par OLDER 
et WONNEMANN (10). 


2. Analyse par diffraction X : 


Nous avons a des temps donnés, interrompu 1|'hydratation (sans contrainte) 
d'éprouvettes de mémes dimensions que celles des essais d'expansion et conser- 
vées également sous ]'eau. Le stoppage était réalisé par broyage, lavages 
successifs a 1'éthanol puis a 1'éther et enfin séchage a 40°C pendant deux 


heures selon le processus mis au point par A. BACHIORRINI et B. GUILHOT (11). 


D'aprés les diagrammes obtenus, nous avons porté en fonction du temps, 
1'évolution des intensités relatives des pics correspondant a |'ettringite 
(28 = 9,1° et 15,8° avec Cu Ka) au gypse (11,7° et 20,8°) ou a l'‘anhydrite 


Figure 1 : Expansion mesurée avec les aiguilles de LE CHATELIER 
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Figure 2 : Expansion sur éprouvettes 4 x 4 x 16 cm 


(25,5°), a la chaux Ca(OH) (18,1°) ainsi qu'au C3S (29,5°). L'évaluation 
de ces intensités relatives a été faite a partir de la hauteur des pics 
correspondants. 





La figure 3 fait apparaitre pour le ciment A une stabilisation de la 
formation d'ettringite cristalline vers 7 jours, tandis que pour le ciment 8, 
la formation d'ettringite cristalline se manifeste a nouveau vers 1800 h aprés 
un arrét entre 10 h et 1800 h (Figure 4). 








3. Analyse thermique différentielle : 











Les mémes échantillons, broyés et tamisés a 125 up, ont été analysés par 
A.T.D. [essai sur 1,8 g ; vitesse de montée en température : 300°/h] 
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Ciment A - hauteur des pics de diffraction X et expansion 





Figure 3 : 





EXPANSIVE CEMENTS, HYDRATION, TYPE "M" 
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Figure 4 : Ciment B - hauteur des pics de diffraction X et expansion 


Les diagrammes obtenus (Figures 5 et 6) font apparaitre un pic d'ettrin- 
gite vers 130-150°C dés le début de I'hydratation, un pic de C-S-H vers 110- 
130°C dés six heures, un pic de chaux vers 500-540°C a partir de trois heures 
et évidemment pour le ciment A, le double pic du gypse qui disparait vers qua- 
rante-huit heures. Notons qu'a aucun moment n'apparait le monosulfoaluminate. 
Pour le ciment A anhydre, la présence d'un faible pic a 480°C révéle une pré- 
sence d'hydroxyde de calcium qui peut s'expliquer par un léger éventement du 
matériau. 

Par ailleurs, les résultats non reportés ici obtenus sur des échantillons 
hydratés sous contrainte biaxiale ne présentent pas de différences significa- 








Figure 5 : Ciment A.~A.T.D. Figure 6 : Ciment B.-A.T.D. 
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tives avec les résultats ci-dessus correspondant a des échantillons trés peu 
contraints. 


L'étude comparative des hauteurs des différents pics A.T.D. en fonction 
du temps pour le ciment A (Figure 7) et pour le ciment B (Figure 8) permet de 
constater que l'intensité du pic A.T.D. de l'ettringite augmente constamment 
pour les deux ciments tant que 1'expansion se poursuit et diminue méme lors de 
la stabilisation de 1'expansion du ciment A. 


L'augmentation de la hauteur du pic A.T.D. de l'ettringite ne correspond 
pas nécessairement a un accroissement de la quantité d'ettringite formée, mais 
peut correspondre 4 un accroissement de la quantité d'eau de constitution de 
cet hydrate, et réciproquement. 
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Figure 7 Ciment A : A.T.D. - Expansion 
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Figure 8.Ciment B : A.T.D. - Expansion 
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Conclusion 


La discussion des différents résultats obtenus permet de tirer les 
conclusions suivantes : 


a) il y a une bonne corrélation entre les courbes d'expansion et les 
variations de l'intensité du pic A.T.D. de l'ettringite. 


b) a aucun moment la présence de monosulfoaluminate n'a pu étre décelée. 
La formation d'ettringite est donc la seule cause de 1'expansion de ces 
ciments. 


c) pour le ciment A, la hauteur du pic de diffraction X de 1'ettringite 
augmente jusqu'a environ 200 h alors que 1'expansion se poursuit jusqu'a 600 h 
et que la réserve de gypse est é@puisée. 


d) pour le ciment B, la présence d'anhydrite limite 1'expansion pour les 
faibles temps d'hydratation. Le pic de diffraction X de 1'ettringite reste 
constant de 10 a 1800 h alors que la hauteur du pic A.T.D. correspondant 4 la 
déshydratation de cette phase augmente de 50 % et que 1'expansion croit de 
facon non négligeable. 


On peut donc considérer que dans le cas des deux ciments étudiés, c'est 
la formation et le gonflement de 1'éttringite collotdale (décelable par A.T.D. 
et non par diffraction X) qui semble étre la principale cause de 1]'expansion 
. macroscopique du matériau aux faibles @chéances. 





Mais les phénoménes d'expansion sont trés variables selon le ciment uti- 
lisé. Ainsi, pour le ciment B contenant initialement le sulfate de calcium 
sous forme d'anhydrite, on ne peut utiliser l]'hypothése de formation d'ettrin- 
gite colloidale pour expliquer 1'expansion importante qui se manifeste a 
partir de 1800 heures car parallélement a ce phénoméne d'expansion, la diffrac- 
tion X met en évidence la formation d'ettringite cristallisée, ce qui entraine 
des déformations trés importantes. Seuls les phénoménes d'expansion a court 
terme (t < 1800 heures) seraient donc tributaires de la formation d'ettringite 
colloidale. 
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Ces résultats permettent par ailleurs de constater 1'influence de la 
nature du sulfate de calcium (gypse ou anhydrite) dans le ciment utilisé et 
en définitive de mieux préciser les réles respectifs de la formation d'ettrin- 
gite colloidale et cristalline dans 1]'expansion des ciments étudiés ici. 
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ABSTRACT 


It is often desirable to identify a concrete admixture 
uniquely before its use to avoid adverse reactions. 
Methods such as ir or uv spectroscopy only broadly 
classify the type of admixture while chemical analysis 
is difficult and results are often inconclusive, 
especially for admixtures containing lignosulphonates. 


The use of DTA under 250 kPa of O29 provides a technique 
for identifying admixtures. Each admixture gives an 
unique pattern of exothermic peaks thus enabling its 
identification provided a known sample is available. 
Admixtures containing salts of hydroxycarboxylic acids 
show exotherms up to 700°C while those with free acids 
or sugars shown only exotherms in the range 200-400°C. 


Introduction 





Chemical admixtures are widely used in the concrete 
industry as aids for controlling the workability and setting 
of fresh concrete. They are usually supplied as solutions 
Suitable for adding to the mixing water to enable an even 
distribution throughout the concrete. A large proportion of 
concrete admixtures, especially the water-reducing type, are 
based on sodium or calcium lignosulphonates - byproducts from 
the pulp and paper industry. Commercial lignosulphonates are 
usually not pure but contain a complex mixture of ligno- 
sulphonic acid salts as well as sugars, sugar acids and other 
hydroxy compounds.(1) Small proportions of these impurities 
(in particular sugars and sugar acids) have a marked effect on 
the hydration of cement compounds (2-6), and hence on the 
setting of concrete so that their content must be closely 
controlled. Changes in raw material sources for the admixture 
can made a profound difference in the behaviour of an admixture 
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due to small differences in the composition of the ligno- 
sulphonate. 


Chemical analysis of complex materials such as concrete 
admixtures is difficult and very time consuming so that the 
quality of an admixture is usually measured in terms of its 
effect on the physical properties of concrete, e.g. setting 
times, workability and strength development.(7-8). Neverthe- 
less, there are occasions when it is important to know whether 
an admixture to be currently used, is the same as the material 
that was used say six months earlier and so avoid the extra 
physical testing necessary to determine the optimum dose. 
Techniques such as IR and UV spectroscopy have been used (9-11) 
for identification purposes and can serve to identify the class 
to which an admixture belongs, but they are not suitable for 
positive identification of an individual admixture, which is 
often necessary if adverse results have been obtained. Gel 
chromatography, (12) thin layer chromatography (13) and high 
pressure liquid chromatography (14) have been used to character- 
ize admixtures but all of these methods are still unable to 
identify an admixture uniquely. 


This paper describes the use of DTA in oxygen to identify 
concrete admixtures both rapidly and uniquely. 


Experimental 





Twenty-one samples of water-reducing admixtures were 
obtained and analysed as part of an overall physical testing 


programme.(15) The admixtures studied can be broadly separated 
into four main classes based on the main chemical constituents. 


Class 1. Admixtures based on lignosulphonates. 

Class 2. Admixtures based on hydroxycarboxylic acids. 

Class 3. Synthetic detergents. 

Class Admixtures based on synthetic condensed sulphonate 


systems. 


Partial chemical analyses for these samples, which were carried 
out using a variety of methods developed for the programme, 
have been reported previously. (15) The chemical analyses from 
that report are reproduced in Table l. 


To enable reproducible results to be obtained for thermal 
analysis, the liquid admixtures were freeze-dried and stored 
over P05 before analysis. The admixtures from Class 3 
analysed in the testing programme were still liguid when dried, 
so that only admixtures from classes 1, 2 and 4 were subjected 
to thermal analysis. 


Twenty milligrams of admixture were interground with 200 
milligrams of calcined alumina in a boron carbide mortar and 
pestle. Approximately 150 milligrams of the ground mixture 
was weighed into a platinum microcrucible which was placed in 
a ring sample holder (BR11) in a Stone thermoanalyser 202. 
The thermocouple used was Platinel 2. The furnace was placed 
over the sample followed by a pressure dome which was used 
to control the sample atmosphere and pressure up to 250 kPa. 
Oxygen was slowly admitted to the chamber and the whole 
system pressurized with oxygen to 250 kPa. Heating was then 
commenced at 10°C/min from room temperature to 950°C. 
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TABLE 1 
CHEMICAL ANALYSIS OF ANMIXTURES (from ref 15) 
Class 1 
Solid Inorg. Ligno- Sugars Sugar acids Trieth- - 0 
Admix- pH content ash sul- (as (as sodium anol- cao , a 
ture & w/v % w/v phonate glucose) gluconate) amine mg/ml mg/m 
mg/ml mg/ml mg/ml mg/ml 
1 6.0 54 10 316 46 nd 7 56 17.3 
2 4.5 53 6.5 352 122 nd - 65 0.8 
3 4.5 16 2.9 72 9 nd 6 9.1 5.8 
a 6.5 36 8.1 260 19 nd 4 41 - 
5 WS 37 7.8 196 12 nd 57 35 3.4 
6 6.0 41 10.7 288 19 nd - 39 4.8 
7 6.0 56 9.0 416 43 nd - 78 3.4 
8 6.5 48 9.4 314 21 nd 15 3.2 37 
9 6.0 62 i327 416 51 nd - 0.42 42 
10 5.5 solid 44mg/g 590mg/g 266mg/g nd - nd 0.2mg/g 
(of 1% (11% 





solution) 





moisture) 











*final product was liquid or low melting wax 












solid 
(9.8% 
moisture) 

*synthetic sulphonated material 








26. 7%w/w 


404* 


Class 4 


769*mg/gq- 
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133mg/g 
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Results and Discussion 





DTA curves for the various samples are given in Figs l 
and 2. Some of the admixtures were extremely hygroscopic and 
the broad endotherm occurring between 100 and 200°C for these 
admixtures were due to evolution of the moisture absorbed 
during handling. Sample 17 was essentially a solution of 
sodium gluconate and the solid foamed so much on heating that 
it proved impossible to obtain a reproducible DTA curve. 


The DTA curves for the various concrete admixtures are 
complex and no effort was made to assign the various exothermic 
peaks. When the samples were analysed under vacuum or in an 
inert atmosphere, the exothermic peaks were absent and only 
very small endothermic peaks were present so that the 
exothermic peaks are, as expected, due to a series of oxidation 
steps. Increasing the oxygen pressure to 400 kPa gave no 
appreciable difference in the DTA curves, while samples run 
in ambient air showed only small broad exothermic peaks, 
typical of slow oxidation steps. 


Although the overall pattern for several of the admixutres 
is similar, no two samples gave exactly the same pattern. This 
pattern of peaks then provides a suitable identification 
method for admixtures. This is similar to the way in which the 
peaks in the "fingerprint" region of the IR spectrum are used 
for the identification of organic compounds. For many of these 
admixtures the IR spectra were very similar(15) and so are not 
Suitable for identifying each admixture, although the different 
classes could usually be separated and the source of ligno- 
sulphonate identified. 


The temperature of the final exotherm for many samples is 
higher than expected. Organic compounds have usually 
decomposed by 500°C in oxygen but temperatures up to 720°C 
were recorded for the final exotherm in some admixtures 
indicating unusual stability. For samples 10, 11, 12, 16 and 
21 there is no major exotherm above 500°C. Samples 10, 11 
and 12 contain only small amounts of organic acid salts other 
than lignosulphonic acid salts. Sample 21 is a melamine based 
admixture and sample 16 is essentially a sugar solution. Thus 
it appears that this high temperature exotherm is associated 
with salts of organic acids. 


When samples l, 2, 8, 14 and 15 were converted to the 
acid form by passing the diluted admixture through an ion 
exchange column in the hydrogen form before freeze drying, 
there were no exotherms above 500°C. The profile of the peaks 
below 500°C was also altered but as many of the free caboxylic 
acids are unstable, converting to cyclic lactones on drying, 
this change was not unexpected. Clearly the presence of sodium 
or calcium ions confers some exceptional stability to salts of 
and organic acid, the final breakdown being rapid giving the 
sharp peak. The expected inorganic products, sodium or calcium 
carbonate give endotherms on decomposition so the reaction must 
be oxidation of an organic species. 


__ Purther thermal analysis studies on a series of organic 
acids and their sodium and calcium salts(16) has shown that the 
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DTA Curves for Class 1 Admixtures. 


Figure l. 
(30 uv = 0.67°C at 500°C) 
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Figure 2. DTA Curves for Class 2 and Class 4 Admixtures. 
(30 uv = 0.679C at 500°C) 
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presence of a high temperature exotherm is common for many 
hydroxycarboxylic acid salts, but is absent in the pure acids. 
Further work is needed to elucidate this stable entity and 
its mechanism of breakdown. 


This method has been used to confirm that two samples of 
supposedly identical admixtures were in fact different. Ona 
Major construction site, addition to a batch of concrete of an 
admixture from a drum received in a second shipment to the 
site, caused delays in setting time. The supplier was unable 
to distinguish readily between admixtures from the first and 
second shipments. The DTA method, using separate samples of 
known admixtures from the supplier as standards, was able to 
show that the drums in the second shipment had been incorrectly 
labelled and were actually a different admixture to the first 
shipment. The chemical formulation of the two admixtures was 
very Similar and they could only be distinguished by a detailed 
chemical analysis. 


Conclusion 





DTA of concrete admixtures in an atmosphere of oxygen 
provides a method whereby the eighteen admixtures tested can 
be uniquely identified. Changes in raw materials or chemical 
formulation cause changes in peak profiles that can be readily 
detected using this method. These changes are not readily 
observed by other rapid screening methods such as IR or UV 
spectroscopy. Because properties such as setting times are 
affected by small changes to the hydroxycarboxylic acid 
fraction,close control of formulation is needed. 







Exotherms in the range 500-700°C in the DTA curves are 
due to the presence of sodium or calcium salts of hydroxy- 
carboxylic acids but do not occur above 500°C for the free 
acid form. 
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List of Admixtures 
Name 


Darex WRDA 
Daratard 

Discon 

Eucon WR 

Eucon WR Retarding 
Febflow Std 
Febflow Retarding 
Leadair R 
Lissapol Z-N 
Melment 

Mighty 150 
Plastiment DSE 
Plastiment N 
Plastiment PHC 
Plastiment VZ 
Plastocrete CLK 
Pozzolith 80 
Pozzolith 100 XR 
Pozzolith 300N 
Pozzolith 300R 
Teric GN-9 


Appendix 


Investigated 


Supplier 
W R Grace 


Stipplecote Products Ltd 
Euclid Chemical Products 


Jos Nathan Ltd 


Leadair Industries 
ih Gy 

Hoechst 

Chemiplas Agencies 
Sika 
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ABSTRACT 

Mechanisms of tensile fracture of concrete are described. A model 

is developed for an idealized material. The amount of simultaneous 

cracking and the path of each crack depend on the rate of stressing. 
and the tensile strength have been determined as 
The results of earlier experiments 


The fracture energy 
functions of the rate of loading. 
on concrete under impact tensile loading can be explained by this 
model. 


Introduction 





The theoretical work on modelling of behaviour and fracture of concrete 
materials at high rates of tensile loading presented here is a natural con- 
tinuation of the earlier extensive experimental research program carried out 


in the Stevin Laboratory. 


The Split Hopkinson Bar apparatus was applied for impact testing at 


stress rates ranging from 2,000 to 62,000 N/mm?s. The test method and the 

experimental results concerning the impact tensile strength, the impact fa- 
tigue tensile strength and the stress-strain behaviour of concrete materials 
under single and repeated impact tensile loading have already been reported 


and discussed in previous publications (1, 2, 3). The 
of tensile fracture was conducted in order to explain 


The aim of this research was to develop a model 


analysis of mechanisms 
the phenomena observed. 


which gives a better 


insight into behaviour and fracture of concrete materials subjected to ten- 
sion. The model should provide possibilities for studying the effects of 
loading rates, composition of concrete, properties of constituents and other 
parameters on fracture energy and strength of the material. 
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Mechanisms of Tensile Fracture 





Concrete is a heterogeneous multiphase complex material consisting of 
aggregate particles of various sizes and irregular shape, which are dispersed 
mbedded in hardened cement paste. Air voids, interfacial bond micro- 

and macrocracks within the cement matrix are inherent in this material 
manufacturing procedures and physico-chemical processes taking place 
hardening of cement-based composites. Even hardened cement paste is 
ually a heterogeneous material if its microstructure is taken into con- 
sideration. 


The microcracks are potential sources of fracture initiation, since at 


iil 


tips local concentration of stresses occurs which can lead to extension 
hese microcracks under externally applied loading. Stiff aggregate par- 


¢ 
ort ti 
1 
i 


les embedded in the cement matrix also cause local stress concentrations 


tic 
1) which may even be intensified 


in the zones around the particles (see Fig. 
by the presence of interfacial bond cracks. 

















PoC. 4 
Radial stresses along interfaces of a stiff bonded 
inclusion (4) and a partially debonded inclusion (5) 


Once they have been initiated, the cracks may be arrested due to the 
heterogeneity of the material structure considered on both micro and macro 
level (see Figs. 2 and 3). 

The growth of cracks can be arrested if the crack tip encounters material 
zones of either lower stress intensity or higher capacity to take up the 
local concentration of tensile stresses. Arrest due to blunting of the crack 
front may also occur. 
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nterfacial __ 
bond crack 
ement 
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=O 
FLG;. 2 BEG. 3 
Crack arrest at micro Crack arrest at 
level (after (6)) submacro level 


The cracking process is not limited to the major crack only, but also 
includes extensive microcracking in the highly stressed crack tip zones. 

The fracture process starts at the interfaces of aggregate particles, 
in zones situated perpendicularly with respect to the load direction. 





Under very slowly increasing tensile loading the crack will grow along 
relatively weak interfaces between aggregate particles and the cement matrix 
and will then penetrate through the matrix, thus forming a continuous frac- 
ture. The fracture process is substantially limited to the weakest zone of 
the material, since in neighbouring zones redistribution of stresses and re- 
laxation of material may take place under very slowly increasing tension. 





















Under impact loading conditions 
a great alae id pcilinas cack can be rn microcracks scion 
driven into extension at the same MACTOCracKs 
time, since the overall stress in the Tass sigs 
whole volume of material rapidly in- -—z - —_— 












creases. poss 
~~ fracture LZ 


The time in which fracture oc —-- - 
curs is extremely short - a fraction a mas 
of a millisecond - and the effect of 
strain relief in the zone around one 
growing crack may have no influence 
on the material response in the other 
zones of the material, this being due A aggregate 
to inertia df elements, which delays — 
the response of the material to the 
changed stress situation. In those 
other highly strained zones, exten- 
sion of microcracks may be very 
strongly pronounced. The rapidly in- 
creasing tension will drive the 
cracks to very rapid extension. 












































cement matrix- 
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They will be forced to develop FIG. 4 
along shorter paths of higher re- Fundamental differences between 
static and impact tensile fracture 






sistance, i.e., through tough aggre- 
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gate particles instead of growing around them. This is not only caused by 
high stresses in the material, but also due to the inertia of elements beside 
the surface of rapidly growing cracks. 

Fig. 4 schematically shows differences with respect to the amount of 
simultaneous cracking and crack path under static and impact tensile loading, 
respectively. 


Model 


Idealization of Material and Crack Extension 





The model developed is extensively described in (7). Concrete is ideal- 
ized as a particulate composite consisting of spherical aggregate particles 
varying in size, dispersed and embedded within the cement matrix. 


Fig. 5 shows an idealized concrete element fractured in tension. 














Fic... > 
The tensile fracture plane 
a) macro level 
b) submacro level (area A) 


It is assumed that a unit area of fracture surface A is a plane surface 
as far as the macro scale is concerned. It is considered that undulations of 
the crack plane on a macro scale do not affect the mechanism of fracture of 
the composite material considered. 


In this model it is assumed that a submacro level the plane section 
of the cracked surface is only formed within the matrix phase and partially 
by some fractured aggregate particles as shown in Fig. 5b. 


Another part of the fracture surface is formed by spherical section 
areas as a result of interfacial bond fractures. 


The fracture criterion determining 
whether a given aggregate particle will be 
fractured or whether the interface between 
the particle and the cement matrix will be 
fractured, involves two parameters. On the 
one hand, the position of the particle with 
regard to the xy crack plane (see Fig. 6) 
and, on the other hand, the rate of loading 
6 influencing the crack velocity vee 


It is assumed that the aggregate parti- 
cle will be fractured if the angle between FIG. 6 
the xy crack plane and the normal to the Crack approaching an 
surface of the aggregate particle at the aggregate particle 


2 
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common point with the xy plane is 
smaller than a certain value Q.- (Am*AgeAp)/A 





Fig. 7 shows the ratio between 
the area of fractured surface of the 
idealized composite and the normal 1 
area A of the plane cross-section as 
a function of the critical angle» . 
The area of fractured matrix A_ an 12 
the areas A. and A. of fractured aggre- 
gate and bond, respectively, varying 
with ~_ are determined with the aid 
of a statistical approach to the con- 
figuration of aggregate particles in 


W 














the idealized composite. “OC )2 OL 06 08 10 
Fig. 8 shows an approximated Cp =sinPc 

relationship between the critical ; 

angle @ and the rate of loading 6. FIG? 

This relationship is determined Influence of upon the area of 

under assumption that the velocity fractured surface for aggregate 

v, of the growing crack increases contents p, = 0.5 and is O75 


with the increasing rate of load- 
ing, and so does the kinetic ener- 
# gy associated with the movement 

A of material elements beside the 
surface of the extending crack. 
Those elements, once they have 
been accelerated will tend to 

move further in the same direc- 
tion. The deviation of the crack 
from the original direction is 
therefore less probable for 

higher rates of loading, es- 
pecially in particles situated 
quite symmetrically with re- 

spect to the xy crack plane. 
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Fracture Energy 









The energy absorbed FIG. 8 

during fracture of the Critical angle ~ versus stress rate 
particulate composite con- 4 

sidered, is mainly associ- 

ated with crack extension in the matrix phase, aggregate phase and interfacial 
bond phase. This energy U can be expressed as a sum of products of specific 
surface energies of the three phases mentioned (y,, Ya, Yp), with appropriate 
fractured areas of these phases (A _, A”, AY) which concribute to the total 
fractured surface: es 














- Ae Ne ie ad A Yp? 





where: U = fracture energy associated with a single crack; 

Y : , = multiple cracking coefficient; 

A” A.» Ay = areas of fractured matrix, aggregate particles and 
bond respectively, corresponding to a single crack; 

acy Y, = specific surface energies of matrix, aggregate and 

bond respectively. 
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Figs. 9 and 10 show the influence of the rate of loading 6 upon the 
fracture energy U_ expressed as a function of the nominal area A of 
tured cross-section and of the specific surface energy ot Matrix. In 
Figs. 11 and 12 the energy U_ is standardized to the energy U” Be a static 
stress rate of 10 * N/mm?ms. : 

For normalweight concrete the specific surface energy of aggregate y, 
is about one order of magnitude greater than the specific surface energy of 

, and the latter is approximately 2 times the specific sur- 


cement matrix y_ 
face energy of the bond phase ‘b° The aggregate content Pa usually varies 


between 0.5 and 0.75. 
associated with a crack 


It is easy to see that the fracture energy U, 
increases 


extension within a material of given surface energies Yor. Yas 
with increasing stress rates. This increase is relatively small in the stress 





the frac- 
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= volume of stressed material; 

= elastic strain; 

= strain associated with a single fracture zone. 
the loading rate upon the tensile strength may be deter- 
of known static o-e-diagram and the effects of the rate 


and Le 5 
1 (6) .U_ (6) 
c Cc 


u (o_).U (Go) 
ce eC oS 
-lationship is established assuming that the descending branch of 


id 


be determined with the aid of the known ascending branch (8), 


VC WwW + 


j-e-curve is not influenced by the rate of loading (3). 


i 








Comparison with Experimental Results 








results (3) are in accordance with the 


much more energy is absorbed in the 
h is much higher, and the strain corre- 
than under static loading - see 
































was observed that under impact loading some specimens 
portions and fracture surfaces comprised more fractured 
These facts support the fundamental mechanisms of ten- 
extensive simultaneous cracking and fracturing tougher 
higher rates of loading - which have been considered in 


experimental results obtained on mortar were used to determine the 
and tensile strength of microconcrete and concrete according 
The same amount of multiple cracking was assumed for these 

under static and impact loading, respectively. 


increase in fracture energy and tensile strength due to the pres- 
gh aggregate particles in microconcrete and concrete was in agree- 


results of static tests. 
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The ratio between impact and static fracture energy of mortar was 
assumed to give a value of the ratio between impact and static coefficient 
of multiple cracking. Application of this value together with higher ener- 
gy U_ associated with the presence of aggregate particles and rapid crack 
extension, led to theoretical values of the impact fracture energy and the 
impact tensile strength of microconcrete and concrete. Those values were 
higher than the values experimentally found. Some differences between the 
idealized fracture process considered in the model and the fracture of actual 
heterogeneous concrete materials may explain this fact. 


It should be pointed out that the shape of aggregate particles may pre- 
determine the way in which a fracture is most likely to occur - see Fig. 18. 
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Furthermore, the configuration 
of large aggregate particles may FIG. 19 
result in "prefactured planes" 
formed by bond cracks often situ- concrete upon the amount of cracking 
ated underneath such particles. under impact tensile loading 

This can affect the amount of crack- 

ing (see Fig. 19) and crack paths due 

to externally applied tension. 






Influence of relative heterogeneity of 









The above indicates that both the fracture path of a single crack and 
the amount of multiple cracking in concrete may be less influenced by the 
high rate of loading than can be expected from the model developed for the 


idealized composite. 







Nevertheless, the model proves to give good insight into mechanical 
behaviour and fracture processes of concrete materials at high rates of ten- 
sile loading. 







The effects of mix composition, properties of constituents of concrete, 
curing conditions and other parameters upon fracture energy and tensile 
strength at various stress rates have been studied with the aid of this 
model (7) and are consistent with experimental evidence. 









Conclusions 


1. The mechanisms of extensive simultaneous cracking and fracturing tougher 
material zones are essential for the explanation of the behaviour of con- 
crete materials at high rates of tensile loading. 







2. The effect of high rates of loading upon the fracture energy and the ten- 
sile strength of concrete materials may be theoretically studied with the 
aid of the model presented here. 
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EXAMINATION OF MORTAR BARS CONTAINING VARYING PERCENTAGES 
OF COARSELY CRYSTALLINE GYPSUM AS AGGREGATE 


N J Crammond 
Building Research Establishment, Garston, Herts, 


ABSTRACT 

Contamination of aggregate sources by coarsely 

occurs frequently in the Middle East. Mortar bars were made 

which contained up to 5% gypsum (by weight of aggregate) in the 
form of aggregate pieces. The bars were made using three 
different cements of varying C3A content and were stored at 
and 38°C. The results show that significant expansions do not 
occur within mortar bars if their total sulphate content lies 
below the present British Standard limit of 44 S03 by weight of 
cement. Sulphate Resisting Portland Cement (SRPC) can tolerate a 
Portland Cement 


crystalline gypsum 


im Re 


v) 


higher level of contaminant gypsum than Ordinz 
(OPC). Temperature also effects the degree of expansion, 
especially in the case of high C3A cement. 


Introduction 





In concretes, the presence of crystalline gypsum within the coarse and fine 
aggregate fractions is potentially deleterious. This type of deterioration, 
here described as internal sulphate attack, has been mentioned in the 
literature (1-5) and discussed in more detail in ref.(6). Petrographical 
evidence has shown that coarsely crystalline gypsum present as aggregate 
within a concrete or mortar reacts with the cement alkalis to form plates 
portlandite, which concentrate in the first instance along the boundaries 
the gypsum particles; once nucleated, larger crystals of Ca(OH) 9 grow 
inwards towards their centres. The conversion of gypsum into portlandite 
releases sulphate ions into the adjoining cement paste, initiating sulpho- 
aluminate formation. Ettringite formation by this mechanism was found to 
produce significant expansions in laboratory prepared mortar bars containing 
coarsely crystalline gypsum (6). These mortar bars were prepared using OPC 
or Rapid Hardening Portland Cement (RHPC) in accordance with the ASTM mortar 
bar test (7) and significant expansions were experienced by all the bars 
containing greater than 5% gypsum by weight of aggregate. 

At present, the maximum amount of total sulphate permitted by BSI within a 
concrete is 4% S03 by weight of cement (8). The purpose of the present 
investigation is to determine the level of granular gypsum which can be 
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tolerated within an aggregate source. OPC and SRPC mortar bars containing 
0%, 0.5%, 1.0%, 2.5% and 5.0% gypsum by weight of aggregate have been 
prepared. The bars are now one year old and this paper has been presented 
as an interim report. Measurement of the bars will continue and further 
experimentation has also been suggested. A mineralogical examination of a 
few selected bars was achieved using XRD and DTA analytical techniques. 


Experimental Procedure 





Fifty six mortar bars were prepared in accordance with the ASTM mortar bar 
test (7). The only variation was the use of a 1:2.75 cement:aggregate ratio 
(1:3 by volume) rather than 1:2.25. The cement content of the bars was 

570 kg/m’. Each aggregate size fraction (Table 1) contained crushed 

basalt mixed with varying percentages of coarsely crystalline gypsum. Five 
different levels of gypsum (0%, 0.5%, 1.0%, 2.5% and 5.0% by weight of 
aggregate) were incorporated into the series of mortar bars. The granular 
gyspum was received in a fairly pure form from British Gypsum and the basalt 
was quarried at Clee Hill, Shropshire. 


The two aggregates were crushed separately, graded into the Standard fine 
aggregate fractions (Table 1) washed and then dried. Care had to be 
employed during the drying process of gypsum, as overheating causes 
dehydration to form hemihydrate or anhydrite. The five simulated aggregate 
mixes were mixed with three different cements of varying C3A content. The 
w/c ratio was standardised at 0.4. The cement analyses and physical 
properties of each cement are listed in Table 2. Each mortar mix was used 
to prepare four bars, two of which were stored at 20°C and two at 38°C. 

The finished bars were maintained at a RH of 100% throughout their storage 


life. 


The length changes experienced by each mortar bar were monitored using a 
dial gauge accurate to 0.0025 of a millimetre. The measurements were taken 
at least once a month. 


TABLE 1 





Sieve Analysis of the 
Mortar Bar Aggregates 
Passing Retained Weight 

(mm) (mm) percent 
4.760 2.380 10 
2.380 1,180 23 
1.180 02595 2D 
0.595 0.297 25 
0.297 0.150 15 








FIG, 1 
Expansion curves for the 9% C3A OPC 
mortar bars containing 2.5% and 5% 
gypsum by weight of aggregate 
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TABLE 2 
Chemical Analyses and Physical 
Properties of the Cements 
Chemical Analyses 
Cement ] 2 3 
Sid, 20,13 20.34 20.12 
CaO 63.49 64.56 64.62 
MgO 1.31 1.07 0.86 
A103 Sin7A, 6.60 aI2 
Fe503 Let Zev deat 
Tid, 0.28 0.28 0.35 
P5 0s OsZ2 O.15 0.22 
Mn2 03 0.03 0.02 0.06 
Na,0 Oe21 0537 Us25"" 
K0 0.50 0.52 0.30 
Ccl1~ 0.04 - - 
S03 Zell Zea) 2.06 
- Sr0 0.16 0.06 = 
erg Bad 0.01 0.02 - | 
wile LOI L393 1.22 1.84 
984 aie ected 
Bogue Composition 


















8.42 6,38 

| C3A 9.10+ 13.94+ 0.78 
| C38 66.50 60.83 77.42 
CoS 7.9 1275 0.00 












Physical Properties 







Density 
3.15 S21 3.19 
(kg/m? ) 









Specific 
Surface 334 360 404 
(m* /kg) 














* XRD analysis showed both cubic 
and orthorhombic C3A 

Cement 1: 9% C3A OPC 

Cement 2: 14% C3A OPC 

Cement 3: SRPC 








Results of the Mortar Bar Experiment and Mineralogical Examination 









Figs. 1-3 give results for the bars containing 2.5% and 5% gypsum: none of 
the 0%, 0.5% and 1.0% mortar bars expanded within one year so these results 
are not shown. All the one year results have been plotted in Fig. 4. 
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The SRPC bars can accommodate 5% gypsum by weight of aggregate without 
experiencing significant expansion after one year. (The limit above which 
expansion becomes significant has been taken as 0.1% after 6 months as 
advised in the ASTM mortar bar test (7)). In the case of the OPC mortar 
bars, the threshold of permissible granular gypsum contamination lies 
somewhere between 2.5% and 5.0% by weight of aggregate. The difference 
between the two types of OPC bars is more noticeable at 20°C. At the lower 
temperature, the cement containing the larger amount of C3A has expanded to 
a greater extent. In addition, the shapes of the curves at the two 
temperatures are different and are very similar to the results obtained by 
Richards (9). 


The 9% C3A OPC mortar bars containing 5% gypsum and stored at 20°C differed 
visually from the rest in that they were patchily covered with a fine grain- 
ed white deposit. XRD and DTA analysis 
showed the deposit to contain a 
mixture of thaumasite and ettringite, 
with a greater abundance of the 
former. Thaumasite is isostructural 
with ettringite and is often 
associated with the products of 
sulphate attack. The centre samples 
of the four OPC bars comprising 5% 
gypsum by weight of aggregate and 
stored at both temperatures were also 
analysed using the above techniques. 
Gypsum and ettringite were the only 
sulphate minerals detected and the 
proportion of ettringite in each bar 
did not significantly alter as a 
FIG, 2 result of temperature variation or 
14% C2A OPC C2A content. Richards (9) obtained 


Expansion curves for the 


mortar bars containing 2.5% and 5 similar results. 
gypsum by weight of aggregate 


FIG. 3 FIG. 4 
mortar Graph showing the % expansion of the 


9 


bars containing 2.5% and 
by weight 


Expansion curves for the SRPC 
5% gypsum different mortar bar types at one year 
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Discussion 


Internal sulphate attack is greatly influenced by cement type. Therefore 
different ‘total sulphate' limits can be tolerated depending on whether SRPC 
or OPC is used. The resistance of SRPC to internal sulphate attack is 
clearly dependant on the low C3A content. Previous work (3,6) has shown 
that RHPC mortar. bars containing aggregate gypsum are much superior in 
performance to equivalent bars made with OPC. Early strength development of 
the cement paste is the critical factor affecting the improved sulphate 
resistance of RHPC. Cubic C3A, as opposed to the less stable orthorhombic 
variety (10), high specific surface and abundant C3S all contribute to a 
high early strength. This is important with respect to internal sulphate 
attack because the aggregate sulphate is released into the cement paste 
during the initial period of hardening and strength development. The 
Ordinary Portland Cements in the present work have failed to build up enough 
resistance to ettringite precipitation during the early stages of hydration. 
The increased reactivity at lower temperatures in the case of the 14% C3A 
OPC (Fig. 2) is independent of the amount of ettringite formed. Therefore, 
other factors, possibly related to the hydration characteristics of the high 
C3A cement or to ettringite morphology must be responsible. Similar results 
were obtained by Richards (9) and as he immersed mortars in sulphate 
solutions, it follows that the effect of temperature is not characteristic 
of internal sulphate attack in particular but of sulphate attack in general. 


Where possible it would be beneficial to specify the concentrations of 
aggregate sulphate and cement sulphate separately as they influence 
potential reactivity in different ways. The higher the level of readily 
accessible crystalline gypsum within an aggregate source, the greater the 
expansion experienced by a concrete containing the aggregate. However, 
expansion is not necessarily proportional to the amount of sulphate 
originating from the cement paste. Retarder gypsum is incorporated into 
cement clinker to compensate for the quick setting properties of C3A. Too 
much retarder sulphate will affect the setting time, strength and expansion 
of the cement. However, if the cement contains abundant C3A or it is very 
fine grained, excess gypsum has to be added in order to maintain the early 
setting characteristics of the cement. The disadvantage of assessing a 
potentially reactive situation by the ‘total sulphate' content of a mortar 
or concrete is clearly outlined in Table 3. The SRPC and 14% C3A OPC bars 
have very similar sulphate concentrations but the difference in their 
expansion characteristics is considerable. 




















The amount of coarsely crystalline gypsum tolerated within an aggregate 
source should not be much greater than 2.5% by weight of aggregate in the 
case of OPC mortars. The limit is still not known for SRPC mortars but lies 
at a level of at least 5%. In the case of laboratory prepared mortar bars, 
the limit in BS 5328 of 4% total sulphate by weight of cement corresponds 
roughly to 1% gypsum by weight of aggregate (Table 3). This value lies well 
below the safety threshold for both types of cement. More work is needed in 
this field to establish the threshold of permissible aggregate gypsum 
contamination in construction concrete, where the aggregate/cement ratios 
will be greater. 
















Concrete constructions particularly above ground level may be able to 
tolerate a larger amount of aggregate sulphate than the mortar bars before 
they show significant expansions. Two of the main reasons are as follows:- 
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Aggregate gypsum by weight 
SES wna ee SSS of aggregate 


Weight Percentages of Gypsum and S03 2. Aggregate gypsum by weight 
a Sea of cement 

6 Aggregate sulphate by weight 
of cement 
Total sulphate by weight of 
cement for OPC with 9% C3A 
Total sulphate by weight of 
cement for OPC with 14% C3A 
Total sulphate by weight of 
cement for SRPC 
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The mortar bars were kept constantly wet and water is an essential 


ingredient for internal sulphate attack. 


The mortar bars were constructed using pure gypsum whereas in many 
contaminated aggregate sources the gypsum may be locked away within 
larger fragments and therefore not readily available for reaction. 


In the Middle East, incidences of internal sulphate attack are very 
infrequent compared with other durability problems such as reinforcement 
corrosion or seepage of sulphate-rich ground water through concrete 
structures. However, there is a definite need to monitor aggregate sources 
and to keep gypsum contamination under control. Work to date indicates that 


the current limit of 4% total sulphate by weight of cement in the concrete 
may be overcautious especially in cases where SRPC or RHPC are the cements 
used. Confirmation on this point is needed by further work with concrete 
specimens as opposed to mortar bars. 
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ABSTRACT 
: The length change theory proposed by Flood and Heyding for microporous 
solids is applied to cement paste in considering the effect of porosity 
and compressibility on the solid phase. The theory is also used to 
estimate the dependence of modulus of elasticity on humidity and is in 
general agreement with experiment. Some insight into microstructural 
change and its effect on length change is provided by estimates of a 
structure factor, k. For humidities up to 56%, values of « are 
approximately constant, but major changes in structure occur at higher 
humidities. 
















Introduction 





Hardened portland cement paste (HCP) - a term used to describe the rigid 
porous body, excluding any free or adsorbed water, formed when cement 
hydrates - is a multicomponent, microporous, moisture-sensitive material. 
Numerous studies have been conducted on the mechanical properties of HCP and 
the model proposed by Feldman and his co-workers (1,2) has been useful in 
explaining results, e.g., the dependence of modulus of elasticity (E) on 
humidity where increases in E with humidity were attributed to the stiffening 
effect of interlayer water. 












Thermodynamic treatment of HCP length-change data is complicated because of 
irreversible processes that occur when the system is wetted. In addition to 
surface adsorption these processes include intercalation of water between 
sheets, swelling, agglomeration effects and possibly the effects of shear 
stresses in the solid material. Flood and Heyding used a thermodynamic 
approach (subsequently referred to as the F-H approach) to determine 
theoretically the length change isotherms for water vapor on carbon and for 
water vapor on porous glass (3). They derived a simple expression for length 
change as a function of porosity, compressibility of the solid, microstructure 
of the adsorbent, and amount of H,O adsorbed. Their theory provides a possible 
means of assessing both penny 3 effects on length changes of HCP and the 
assumption that these effects are due to exit and entry of interlayer water. 
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This paper describes the application of the F-H thermodynamic approach to the 
cement paste-water system and assesses the results based on the model for 


HCP developed by Feldman and his co-workers. 


Length Change Isotherms 





F-H Approach 

Briefly, the F-H theory assumes that assemblies of volumes of pure 
adsorbable gas and assemblies of volumes of pure adsorbent can exist 
separately, in equilibrium with externally applied forces, in states 
thermodynamically identical to those in the adsorbent-adsorbate system. The 
conditions of reversibility and equilibrium lead to the following expression 
for the pressure of the pure adsorbate, p,, in the pore volume V, 





=dp =( op » 
re) l a l 


l 


where op. is the mean density of the substance in Va and Py and p, are the gas 
pressure and density of the gas surrounding the sample. The term, a, is the 


mean value of p/P, averaged over the pressure interval dp). 


If > = Pe » where V_ is the non-porous solid volume, it may be shown that 
.* Cl oe yrs a>)P i> which is the pressure on the solid adsorbent in 
equilibrium with the surrounding gas at pressure p). 

If the pressure on the solid adsorbent is uniform, the length change 


isotherm can be obtained from the equation 
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L 
R 3 


B (1 + $ - $a)dp 
1 


where 8 is the compressibility of the porous body. 


p 


Where solid pressures are not constant, «, a small numerical factor 
dependent upon the structure of the porous solid, is introduced into eq. (1), 
i.e., the term in brackets becomes (1 + ox - oka). Kk, the ratio of the linear 
average pressures to volumetric average pressures, is generally independent of 
the nature of the adsorbate, but is a characteristic of the structure of the 
adsorbent. Flood and Heyding determined values of «x for various ideal models 
of pore structure, e.g., kK = 1.0 for a system of continuous non-intersecting 
straight capillaries, and x = 5.6 for a system of continuous intersecting 
straight capillaries (3). If the shape of the average pore is not 
statistically independent of the surface free energy of the solid enclosing the 
average micropore, then « will become a function of p,. For large adsorptions 
a >> 1 and 


(2) 


62 : * Pa 
— becomes proportional to | — dp 
R } p l 
1 


i.e., 


Porous Glass 





The weight change isotherm for porous glass in the adsorption region is 
reversible and glass is considered to be relatively stable. Using the length 
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change data of Amberg and McIntosh (4), Flood and Heyding (3) were able to 
obtain good agreement between the calculated isotherm and experimental data, 
suggesting that eq. (2) is applicable to systems in which wetting and drying 


involve mainly reversible processes. 
Hardened Cement Paste (HCP) 


HCP-water isotherm. A brief comment on the HCP-water isotherm and on the 
assumptions made in using isotherm data to apply the F-H procedure follows. 
Along the adsorption branch of the HCP-water isotherm several reversible and 
irreversible effects occur. If relative humidity is reduced from a particular 
value on the adsorption curve, a scanning curve is obtained, for example, 
curves 1, 2, 3, Fig. 1. It has been argued that (to a first approximation) 
mainly reversible processes occur over a 
large part of the scanning curve. 

A "reversible" isotherm can be 
constructed by appropriate summation of 
reversible portions of the scanning 
curves. Details of this procedure have 
been published (5). It is assumed that 
irreversible effects can thus be 
separated from reversible ones. In 
addition, it is recognized that the 
reversible adsorption processes operative 
along each scanning curve are acting on a 
material that has changed since the 
previous scanning curve, i.e., the 
material is different for each of curves 
b, 25, 35. Flos 1. Thus; in transferring 
from curves 1 to 2 to 3, irreversible 
processes are operative. Application of 
the F-H procedure to the reversible 
isotherm assumes, however, that the 
irreversible changes in the solid 
material (interlayer penetration, etc.) Schematic of primary adsorption 
do not affect the nature of the curve with scanning curves 
reversible adsorption processes occurring 

on the surface of the layers, and that 

surface energy changes are acting on a 

different material with different properties when positions are changed on the 
isotherm. It is assumed, then, that a step-by-step application of the F-H 
procedure along the reversible adsorption path is valid, even where 
intercalation of the layered silicate hydrate occurs; i.e., since the scanning 
isotherm is reversible, the F-H procedure is applicable. If scanning isotherms 
are irreversible, then changes have occurred in the porous system and the F-H 
procedure cannot be applied. Thus, the procedure may not be applicable when 
major changes in pore structure occur. 


Application of F-H procedure to HCP. To apply eq. (2) to the HCP system it 

















Figure 1 





is necessary to evaluate the integral Consider the following: 


For a cement paste with w/c = 0.50, porosity is approximately 26%. Therefore, 
ee IVs = 0.351. Assuming density of the non-porous solid 2.2 g/cc, the 
mass/cc of the porous sample is 2.20 x 0.74 = 1.63 g/cc or 1 g of porous 


sample = 1/1.63 = 0.610 cc. 
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Thus V,/g of sample = 0.260 x 0.610 = 0.160 cc 
and , * AW/W = 6,26 AW (3) 
Yo W 


where AW/W = weight change per unit weight of sample. The mass of the gas in 

the void volume, V,, is negligible in relation to the mass of the adsorbed 

phase. The density of the gas (water vapor) p is 18.34 x 107© g/cc at 21°C 
1 


and 100% RH. 


Data from weight and length change isotherms are taken from Feldman (5). 
Using scanning loops, these isotherms were separated into irreversible and 
reversible isotherms. The reversible isotherm is used in the following 
calculations: 


rP 
A plot of “2. versus po is given in Fig. 2; and the integral | "2 & is 
1 
J" Jo ° 
evaluated graphically by determining 
the area under the curve. This provides 
a measure of p, = ap, = pressure of 
adsorbate. A curve of ap, versus p, 
(not presented) was constructed to 
assist in the calculations. Thus, 
eq. (2) can be fitted to the 
experimental length change data by 
assuming an appropriate value 
for BK. 
















Figure 3 is a plot of length change 
versus vapor pressure, giving curves for 

eq. (2) and experimental values. oe / 
A single average value of 

Bk = 1.76 x 107% MPa! was chosen to 
give a close fit between the 
experimental length change data and 
eq. (2). 


Although this value of 8k gives an 
approximation of the experimental data, 
Bk varies with p anda more exact fit 
can be obtained by calculating Bx at 2 = 
each data point. Values of 8k at 
different humidities along the 
adsorption curve were calculated from 
eq. (2) using experimental values of 
62/2. These values are given in l 
Table l. 
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Values of 8k were also calculated for 
an HCP-water isotherm scanning curve 
over the range 56 to 11% RH. 8k was 0 . - an ; 
approximately constant over that portion ‘ 
of the scanning curve (56 - 40% RH) used GAS PRESSURE. P.. MPa x 104 
to construct the reversible isotherm. 

This supports the assumption that Figure 2 
material properties are constant on the 

segment of each scanning curve used to Ratio of adsorbate density to 
construct the reversible isotherm. gas density versus gas pressure 
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TABLE 1 


Calculation of compressibility and modulus of elasticity for HCP 
from adsorption data 





RH — x100 ap BK Bx E 





& i I ae =] 6 

% MPa x10° MPa x10 MPa x10” MPa 
10.3 0.016 6.67 2.06 1.08 0.167 
12.7 0.018 7.88 1.96 1.03 0.176 
15.4 0.020 9.18 1.85 0.97 0.186 
18.5 0.022 10.74 1.76 0.92 0.196 
24.1 0.026 12.99 L790 0.89 0.202 
27.8 0.030 14.28 1.79 0.94 0.192 
ft Ee O5032 15.84 Laks 0.91 0.199 
34.0 0.033 16.93 1.68 0.88 0.206 
37.4 0.035 18.09 1.65 0.86 0.209 
42.7 0.037 20-13 1.56 0.82 0.221 
HOGS 0.039 20.67 1.60 0.84 ).216 
48.5 0.040 21.90 1.56 0.82 0.221 
Sie) 0.041 22e7 ih 1.52 0.80 0.226 
53.6 0.042 23.46 L352 0.80 0.226 
56.6 0.043 24.48 1.49 0.78 0.230 
62.2 0.047 26.04 ess 7 0.82 0.219 
66.9 0.052 27.54 1.60 0.84 0.216 
pase 0.057 29.85 L635 0.85 0.245 
88.0 0.080 36.72 1.85 ).97 0.265 
* Calculation made using «x = 1.91 






















Values of 8 are calculated from 
Bk values, assuming kx = 1.91. yb | 
Choice of this Kk value gives an / 
initial value of 8 comparable to 8 0.08 / 4 
calculated from the relation : fs 


8 = 3 - 2u), where v is Poissons 


x 10 
T 
<a 
i 


ratio of 0.20, as well as 8 iss ; J 
determined by other methods (6). . G4 
(Calculations of 8k were also made = a ey | 
using length change data for the > Pe, 
porous glass-water system, but . ). 04+ ae 

these are not tabulated.) | 








Figure 3 










"Reversible" length change 
isotherm for portland cement 
paste, w/c = 0.50, experimental 
and theoretical 
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Figure 4 is a plot of 8« for both 
HCP and porous glass. 8k for HCP is 
dependent on RH, whereas for porous 
glass it is independent of RH. It 
would be expected that porous glass 
would be stable, i.e., not undergo a 
material change as RH increases. 
Thus, the relatively constant value 
of Bk determined by the F-H procedure 
is appropriate. The dependence of Bx 
on RH is expected for HCP since the 
hydrated calcium silicates are 
unstable, i.e., C-S-H solids change 
as RH increases. 





Figure 5 is a plot of E versus RH 
for HCP. One of the curves is a plot 
of the calculated E (determined by 
F-H procedure using k = 1.91). 














Figure 4 


Dependence of 8k on relative 
humidity for cement paste and 
porous glass 
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Figure 6 


Figure 5 Structure factor k versus 
relative humidity 
Modulus of elasticity versus Density of HCP exposed to various 
relative humidity for cement relative humidities and returned 
paste, w/c = 0.50 to 11% RH 
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Another curve is a plot of experimental values of E (7). On adsorption up to 
56% RH, the two curves have a maximum difference in E (at any RH) of only 

0.01 x 10° MPa, and E increases with RH. At higher humidities use of the 
structure factor xk = 1.91 gives decreasing values of E to 68% RH, followed by 
another increase in E as RH increases further. By adjusting k at each humidity 
above 56% RH, however, (and determining a new value of 8 from 8x), the 
calculated value of E increases monotonically as the dashed curve (Fig. 5) is 
extended from 56 to 88% RH. The extended curve also gives values of E close to 


those determined by experiment. 


Figure 6a is a plot of « versus RH for HCP and porous glass. « is constant 
for HCP up to 56% RH and is humidity-dependent thereafter. « for porous glass 
is constant over the whole humidity range. Several irreversible changes take 
place in HCP at higher humidities. It is known, for example, that rewetting a 
dried sample above 504 RH significantly increases creep and drying shrinkage. 
It is in the high humidity range that the microstructure, and hence pore shape 
and/or contiguity, may be altered; for example, in Fig. 6b it is shown that 
absolute density (measured on samples of HCP exposed to various RH's and dried 
to 11% RH) is constant to about 42% RH and decreases thereafter. Experiments 
have shown that after wetting HCP to 42% RH, He gas is able to penetrate fully 
spaces previously vacated by water (8). It is noteworthy that each point on 
the curve in Fig. 6b represents the density of HCP that has been conditioned 
along each different scanning curve of the isotherm, since the material on each 
is different. The change in density at higher humidities suggests that 
microstructural changes, in addition to those occurring at lower humidities, 
occur (changes at lower humidities are attributed mainly to interlayer 
penetration). These changes appear to be reflected in the changing value of « 
at higher humidities. 


Concluding Remarks 





The Flood-Heyding length change theory for microporous adsorbents can be 

used to estimate the reversible length change isotherm for hardened cement 
paste and gives credence to the model of cement paste developed by Feldman and 
his co-workers. The theory is also in agreement with the observed humidity 
dependence of modulus of elasticity for the cement paste system. Although many 
of the irreversible microstructural changes resulting from wetting and drying 
of HCP are indeterminate, an appreciation of these effects can be obtained from 
estimates of the structure factor k. Significant changes in the value of « at 
humidities greater than 56% RH are concurrent with changes in the solid density 


of HCP. 
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ABSTRACT The early hydration of C.A + C,AF extracted from cement and 
mixes with quartz, gypsum and pulverised fuel ash (PFA) has 
been studied by x-ray diffraction. The investigation has 

. 5S 


shown that the hydration of both aluminates is essentially 

a mechanism which obeys a modified diffusion equation. The 

values obtained for the reaction rates show that the hydra- 
tion of C3A takes place at seven times the rate of hydration 
of C,AF. PFA was shown to be a very effective retarder. 


A mechanism to explain retardation is also proposed. 


Introduction 


a 


Addition of gypsum during the grinding process for the production of cement 
is the industrial accepted method for controlling flash setting which arises 
from the rapid hydration of cement. It is accepted that the main constituent 
of cement responsible for flash setting is C.A, and that gypsum retards the 
hydration of this phase. 


What is still a matter of controversy is the manner in which gypsum retards 
hydration; also there is very little information regarding the mechanism and 
kinetics of hydration of C3A and CyAF. The theories proposed to explain 
retardation of hydration can be broadly divided in two groups: 


(a) The protective layer theory: researchers supporting this theory disagree 

mainly on the composition of the protective layer. Earlier work in the 
1950's (1) advanced the idea that the protective layer consisted of a thin 
layer of ettringite formed around the aluminate particles. Later work 
(2,3,4) including the investigations of Collepardi et al (5) have supported 
this theory. Other investigators, notably Gupta, Chatterji and Jeffery (6) 
came to the conclusion that the impervious layer consists of C,AH, which is 
formed on the aluminate grains in the presence of CH and CSH,. They indi- 
cated that the thin C,AH, layer is overlaid with ettringite; when the 
ettringite cover becomes sufficiently thick, the mobility of the sulphate ion 
is restricted and thus the tetra-aluminate will be converted to monosulphate 
instead of ettringite. 
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(b) Incongruent dissolution of C3A and C,AF: Skalny and Tadros (7) studied 

the electrokinetic behaviour of C3A and came to the conclusion that 
retardation of the hydration process is due to the formation of positively 
charged C3A particles by adsorption of calcium, which reduces the active 
dissolution sites. They also suggested that CSH» does not change the 
reaction path of the chemical processes which occur during hydration, but 
that adsorption of sulphate ions on the positively charged particles reduces 
still further the number of active sites. Forsen (8) postulated retardation 
to be due solely to sulphate, and his view was later supported by Feldman and 
Ramachandran (9). They suggested that it is the adsorption of sulphate ions 
on C3A which is responsible for reduction of the rate of reaction. In the 
incongruent dissolution theories, the formation of ettringite is not related 
to the retardation effect. 


More recently Birchall et al (10) have presented a mechanism based on the 
formation of an amorphous and gelatinous solid which acts as a continuous 
membrane around C3A grains. This osmotic membrane allows water to diffuse 
inwards but stops the reaction proceeding until the intra-membrane pressure is 
sufficient to rupture the membrane. The manner in which the amorphous mem- 
brane is formed can then be explained either in terms of incongruent dissol- 
ution or in terms of a reaction of the type supported by Gupta et al (6). 


Boikova et al (11) have recently studied the mechanism of hydration of C3A. 
They have suggested that hydration of C3A can be described by three distinct 
stages: the first stage is characterized by a rapid intense reaction lasting 
10 to 12 minutes, the second stage distinguished by a retardation of the 
hydration process lasting uv to 100 minutes and finally a long term third 
stage with very little hydration. Boikova et al applied to their studies the 


kinetic empirical equation developed by Kondo and Ueda (12) for the study of 
C3S hydration. They limited their study to the second stage of the hydra- 
tion of C3A and, in the light of their results, suggested that the second 
stage of the hydration of C3A is a diffusion controlled process. 


A problem of practical importance is the effect of pozzolanic additives on 
the rate of hydration of C3A and C,AF since it is well known that the 
addition of pulverized fuel ash (PFA) to the constituents of concrete reduces 
the heat of hydration. Collepardi et al (13), investigating the effects of 
natural pozzolanas on the hydration of C3A, confirmed the known effect of 
reduction of heat evolution during the hydration process but also suggested 
that in addition to the reaction between lime and pozzolanas, some other 
reaction between C3A or its hydration products and the pozzolanas can occur. 
Cabrera and Plowman (14) have reported that pulverized fuel ash is an effec- 
tive retarder of the hydration of C3A and C,AF. They have suggested that the 
mechanism of retardation of the hydration of the aluminate is probably similar 
to the mechanism which operates when gypsum is used as a retarding agent. 


The object of the present paper is to present information obtained from an 
experimental study of hydration of C3A and C,AF using as retarders gypsum, 
quartz and PFA. The laboratory data is also used to study the mechanism of 
hydration and thus to determine quantitatively the rates of hydration of C3A 
and C,AF. 


Materials 


Most of the studies on the hydration of C3A and C,AF reported in the liter- 
ature have used laboratory produced materials. However there are methods 
which can be used to isolate C3A and C,AF from ground cement clinker. The 
calcium silicate phases and calcium oxide can be extracted by using either a 
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TABLE 1 


Chemical Composition of the Materials Used in the Investigation 





Pulverised ney 
Oxide a Port land C2A/C,,AF 
Fuel Ash i 
cement 


o 








maleic acid/methanol solution (15,16) or a salicylic acid/methanol solution 
(17,18). Anhydrite and other calcium sulphates can be removed with 

ammonium chloride solution (19). 

During this investigation the aluminates were obtained using the maleic acid/ 
methanol solution followed by the anmonium chloride solution. The products 
obtained at this stage cannot be hydrated. Both C3:A and C,AF are passivated 
by the maleic acid, but they can be reactivated by ignition at a temperature 
high enough to destroy the maleic acid. This method will not remove all of 
the SiO» content of the cement, since some of this is in solid solution with 
the C3A. 

Table 1 shows the oxide composition of the final mixture of C3A and C,AF, and 
also the oxide composition of the original cement and that of the PFA used. 
The specific surface of the extracted material measured by the nitrogen 
adsorption method gave a value of 4.6m*‘/g with a mean particle diameter of 
approximately 2um. 

The specific surface of the PFA was 1.1 m“/g with a mean particle diameter of 
approximately 8um. Ground quartz, acid-washed, used as a diluting material 
had a maximum particle diameter of approximately 50um. 

The hydration process was studied with five mixes, their composition is shown 
in Table 2. The mixes were hydrated using a constant water/solid ratio of 
O.7. Mix 3 contained an amount of gypsum equivalent to a minimm addition of 
2% to the original cement clinker which had approximately 25% content of C3A 
and C,AF. Mix 4 contains an amount of gypsum equivalent to the amount of 
sulphate present in the PFA, 
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TABLE 2 


Composition of the Dry Mixes 





Mix No. C3A + C,AF Quartz PFA 
mg mg mg 





1000 





Experimental Procedures 





The course of hydrations was followed with a Philips APD-10 computer control- 
led diffractometer, with Cu Ka radiation at 45 kV, 55mA, 1° divergence and 
receiving slits, and a proportional detector fitted with a graphite mono- 
chromator. This was programmed to scan from 5° 28 to 40 26 at 16° 26 per 
minute, recycling after each scan. One scan was carried out every 2.5 
minutes. 


Samples were prepared by mixing rapidly but carefully the material to be 
hydrated with the appropriate amount of distilled, deionised and freshly 
boiled water. The resulting paste was mounted in a sample holder of an 
automatic sample changer and introduced to the nitrogen-flushed x-ray 
diffractometer. If the sample was not in the diffractometer within one 

minute of the conmencement of mixing, the sample was discarded and the pro- 
cedure was repeated. The sample was maintained in a nitrogen atmosphere 
during the period of x-ray scanning. An initial investigation carried out 
prior to the present experiments showed that unless carbon dioxide is excluded, 
carbonation is very rapid. The campound C3A.CaCo;.12H,0 was observed after 5 
minutes, and this almost completely suppressed the formation of hydration 
products for several hours. Comparison with external control samples showed 
that the rate of hydration was not affected by the sample remaining in the 
X-ray beam continuously. 

As indicated before, the scanning speed necessary to follow the hydration 
process was very high. This precluded the possibility of quantitative 
analysis mainly due to relatively poor angular resolution, and to the reduced 
peak intensity (about 10%) resulting from the relatively long response time 
of the chart recorder. No attempt was made, therefore, to make an absolute 
measurement of the amount of a particular phase, but it was found to be 
perfectly feasible to measure the change in the intensity of a peak, even 
when quite a severe overlap exists. 


Results and Discussion 





Retardation Mechanism 


It is assumed that peak intensity of the x-ray diffraction trace is propor- 
tional to the volume of the crystalline compound being studied, thus the 
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course of hydration can be followed by relating graphically the change in 
peak intensity with time of hydration. Figures 1, 2, 3 and 4 show the 
hydration-time relations for mixes 1, 2, 3 and 5. In general the amount of 
the aluminates decreases with time, this decrease is, as can be expected, 
very large for mix 1 and very small for mix 3. The detection of C2AHg/C,AH, 
and later on C3AH, confirms the accepted view that the initial crystalline 
product of hydration is the hexagonal hydrate which converts to the stable 
cubic C3AHg. Breval (20) in a scanning electron microscope and x-ray diffrac- 
tion study on the hydration of laboratory synthesised C,A detected irregular 
flakes of C2AHg and C,AH)3 after 6 minutes of hydration at 20°C. Hexagonal 
aggregates of CjAHg and C,AH)3 as well as crystals of C.AH, were only seen 
after 100 hours of hydration. 


The development of hexagonal hydrates at 15 minutes can be seen for both the 
C3A/C4AF (mix 1), and the C3A/C,AF with PFA (mix 5), in figures 5 and 6. 
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Hydration-Time Relation for C3A Hydration-Time Relation for C3A 
+ C,AF (mix 1) + C,AF + 30% quartz (mix 2) 
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FIG 3 FIG 4 
Hydration-Time Relation for C3A Hydration-Time Relation for C3A 
+ C AF + 30% quartz + 56 mg gypsum + C,AF + PFA (mix 5) 
(mix 3) 
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The most noticeable difference between the hydration-time relations is the 
time at which the stable cubic hydrates appear. For the pure C3A + C,AF the 
time is less than 15 minutes. This is inte rpreted as rapid conversion of the 
metastable lamellar form to the stable cubic form. It is thought that in the 
presence of water the conversion takes place at a rate which is reflected by 
the decrease in the volume of the aluminates. The reaction can then be 
written as: 










The C,AH phase is unstable in the presence of water but can be stabilised with 
online in the quantity of available water. Therefore the lamellar C, AH 
which is formed around the aluminate grains can be viewed as a protective 
coating which, if not converted to the more permeable cubic packing will 
retard the hydration of the aluminates. In the case of mix 1, figure 5 shows 
that C3AHe is detected very early, while in mix 5 (fig. 6) it appears later. 
In the case of mix 3 which contains 56mg of gypsum, C3AH is not detected for 
the duration of the experiment. 












In the presence of gypsum or in the presence of sulphate and calcium ions 
(mix 5) the path of the reactions taking place can be simplified as follows: 








3C,AH,(S) > 3C,AH_ __(S) 






4C, 3h +H eevee wee 


( 
r 7. 
E 





C.A3CS31H > C,ACS12H 





The hydrates C,AH (S) and C, AH (S) are non-stoichiometric, and are consid 
ered to inc orpdrate \ variable altotints of sulphate in the hexagona] structure. 
They are analogous to the compound described as ''C,AH,3 containing essential 
carbonate'' which has been reported in the literature (5). The degree of 
disorder introduced into the crystalline lattice by the incorporation of 
sulphates, inhibits recrystallisation to C3AH, 










The mechanism of retardation can be explained by the action of the protective 
coating created by the amorphous AH, and the lamellar C AH 5 (S) and not, as 
been proposed by many (2,3,4,5), by a protective layer damBosed of ettr ingite. 
It seems reasonable to suggest that the formation of ettringite results ina 
reduction of the amount of water available in the vicinity of the hydrating 
canpounds and thus it reduces or retards the formation of the cubic C3AHg. 
This mechanism of retardation is similar to the mechanism proposed by Gupta et 
al (6) but it clarifies further the actual role of ettringite. The importance 
of postulating that ettringite acts as an inhibitor of water availability is 
that the mechanism of retardation can be generalized for inorganic and organic 
compounds. Young for example (21) has explained the effect of retardation of 
C3A hydration by organic compounds, postulating that the conversion from 

C, AH to C.,AH, is hindered by the organic compounds; Sakai et al (22) indica- 
ted that organic compounds retard C3A hydration by preventing contact between 
water and C3A, and showed that the effectiveness of the organic molecules in 
retarding hydration was related to their ability to repel water from the 
vicinity of the hydrating materials. 
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XRD traces for the hydration 


C3A + C,AF (mix 1) C3A + C,AF + PFA (mix 5) 


Hydration Kinetics 

The investigation in this naper was limited to the study of the mechanism and 
kinetics of hydration during the early part of hydration, i.e. during the 
initial 30 minutes. The authors of this paper agree with Boikova et al (11) 
with reference to the three distinct stages which may be observed during the 
hydration process, thus this study deals only with the first stage for which 
there has been no quantitative data available. 

Various models for solid state reactions have been proposed to quantify the 
hydration processes in cement or its constituents (12,23). During these 
studies two possible mechanisms were investigated, the dissolution model (24) 
and the diffusion model originally suggested by Jander (25). 


The experimental results did not fit the dissolution model but gave very 
close results with the values obtained using a modified diffusion equation, 
i.e. = 

(1 - (l-x) °) “~ 


where : ‘ 
2k/ (0.5d)~ 


rate constant 
diameter of reacting sphere 


time of hydration 





Usns € 
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= fraction which has reacted 


> = empirical constant 


The value of K can be taken as proportional to the rate constant and therefore 
when plotting time against the first term of the modified diffusion equation 
expressed as f(x), the slope of the straight line corresponds to the rate 
constant. 


The lines obtained are shown in Figures 7 and 8. These lines were fitted by 
statistical analysis. The corresponding constants for the modified diffusion 
equation are shown in Table 3. 

The values of K show clearly the extent of the differences in rate of hydra- 
tion of the different systems (mix 3 is not shown here since the hydration is 
completely suppressed (Figure 3) ). The influence of PFA on the rate of 
reaction of C3A is far more effective than the one shown for a greater 
quantity of gypsum. In fact, the rate constant decreases approximately 7 
times and hydration is practically suppressed during the initial 7 minutes. 
This finding is very significant from the point of view of using PFA materials 
for the production of blended cements. 


TABLE 3 


Numerical Values for the Constants of the Modified Diffusion Equation 
Obtained by Statistical Analysis 





C3A CAF 





% 





8 O07o x 10 = «161i 

.90 1.000 x 3.000 x 

“ 0.94 8.405 x 1C 1.000 x 

4,680 x ° 0.78 1.230 x 10 1,030 x 


VY 


00 © 
|e 


Oooo 
00 © 


~“] 01 





* r = coefficient of correlation 
The significance level was for all cases < 0.001 


The effect of quartz used as a diluent is one of reducing the rate and the 
commencement of hydration of C3A, these changes are modest when compared with 
changes occasioned by PFA. It should be pointed out that this finding does 
not agree with the findings reported by Holten and Stein (26). 

The rate constants for the hydration of C,AF are, as can be seen in Figure 8, 
far smaller than for C;3A; this agrees with other findings but quantifies 
the extent of the differences, i.e., for pure C3A the rate constant is 
approximately six times higher than for C,AF. 


On the strength of the statistical analysis which clearly shows the relation 
between the modified diffusion equation and the experimental data, it is pro- 
posed that the early stages of the hydration of C3A + C,AF for the different 
mixes investigated follows a mechanism which can be described as diffusion. 
The study is continuing, to ascertain whether the other stages of the reaction 
follow the same mechanism using the same simple expressions or if they follow 
other models. 
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The effectiveness of PFA as a retarder of the hydration of the aluminates car 


be explained by the extremely rapid release of both SO4$~ and Ca2* ions into 
solution. This has been reported elsewhere (27), Furthermre, the shape 
and surface properiies of PFA are suitable to produce dispersion of the 
aluminates during the mixing process so that the distribution of SO4- and 
Ca“ ions is far more efficient than when using only equivalent quantities of 
gypsum in the solution as has been shown for mix 4 (Table 3). 


Conclusions 


1. This investigation has shown that the study of hydration during the 
initial stage can be carried out by an x-ray diffraction technique with an 

acceptable degree of accuracy. The use of C3A + C,AF directly extracted fran 

ordinary Portland cement is preferable to the use of synthetic materials. 


2. The results obtained during this study indicate that the retardation of 

hydration occurs due to the formation of a protective coating consisting 
mainly of C,AH (S) which is stabilized by the incorporation of sulphate and 
the reduction 8f*available water when ettringite is formed in the system. 
Stabilization of the hexagonal hydrates by deficiency of water in the vicinity 
of the hydrating system is a mechanism which has been invoked to explain the 
effect of organic retarders; thus it can be generalised to explain the 
retardation process. 


3. The early stages of the hydration process, with a duration of approximate- 
ly 30 minutes, obey a diffusion mechanism which can be quantified by a 
modified diffusion equation. 
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The rate constant for C3A hydration is approximately six times larger than 
the rate constant for C,AF. 


PFA is shown to be a very effective retarder, in fact the rate constant 
for the mix containing PFA was approximately seven times smaller than the 


rate constant for the pure aluminates. 
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lie ABSTRACT 
14 This paper is the first of a series of three. For Portland cement pas- 
tes, it presents a model of the micro-structure and the associated 


compressive strength law which will be the base of the two following 
papers. 








Model and strength law involve that the most important parameter in- 
fluencing the strength is the capillary porosity. They allow to fore- 
see the characteristic properties of the pastes of the first and of 
the second group. At last they give informations about the structure 
of the gel. 














Introduction 


This paper presents a model of the micro-structure of Portland cement pastes 
elaborated conjointly with a compressive strength law. It is in fact a compi- 
lation of results already published separatly (1)(2). Reminding them, arranged 
in order, is necessary for the good understanding of the following papers. In 

a second paper we will confirm the validity and the generality of both the 
model and the strength law proposed here. We will also benefit by new results 
to improve the model. At last, in a third paper, confident on the micro- 
structure model then confirmed, we will draw out the variation law of the elas- 
tic modulus and specify the evolutions of the parameters concerned. 










The micro-structure model elaborated here derives, on the one hand from the 
mechanism of the growth of the hydrated material proposed by T.C. Powers (3), 
on the other hand from our previous, purely mechanical, results (1)(2). 










Review 


+ 


The mechanism of the growth of the hydrated material proposed by T.C. Powers 
may be reminded as following. Although T.C. Powers does not clearly refer to 
the notion of "hydrated grain" it is helpful to use it. We call “hydrated 

grain" the bulk volume obtained from a cement grain initialy anhydrous. It is 
made of a porous volume of hydrates, so called "gel", encapsuling an eventual 
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anhydrous part. In fact it does not exist “hydrated cement grains" but a bulk 
of eventual different anhydrous remainders of C38, CoS; CA or CyAF, gypsum 


and the porous agglomeration of various hydrates. Thus this notion of hydrated 
grain must be considered only in its lump, as the statistical image of the 
average grain, the agglomeration of which having the properties of the consi- 
dered paste. 


T.C. Powers has shown that the bulk volume V of the hydrated grain is larger 
than the volume V. of the initial unhydrated grain. Hydration thus induces a 
swelling K = V/V, of the hydrated grain. For total hydration this swelling is 
maximum, it is the actual swelling of the hydrated material and will be noted 
as Kg; with Portland cements Kg = 2.2. If the initial porosity of the paste is 
Such as doubling the bulk volume of hydrated grains is not possible, hydration 
is definitively stopped as soon asall avaible voids are filled. The initial po- 
rosity which, for total hydration, allows the exact filling of all avaible 
voids is n,_ = 1 - 1/Kq. The initial porosity to account for is the one when 
the paste P stiffens. In this study we characterize it by the coefficient 

~* cS with c = volume of mixing cement, Qe, = volume of water which would 
have been contained in the mixed paste if between this moment and the moment 
it stiffens there had been no bleeding nor evaporation. If n, is the initial 
porosity of the theoretical paste without bleeding nor evaporation, then 

Tr = l-n,. If we call e, the mixing water, then y = T= ge - The 


1 c+e 
difference e having a large random component, the°systematic determina- 


e 
tion of T cahnot be dispensed with ; it is easy to do this, a posteriori, from 
a density measurement (4). The value correspondina to "1p sf 


= 1/Kg. 
p /Kg 


So, after a hardening time long enough to be considered as infinite, if 
lr < IT, all pastes reach theoreticaly 100% hydration, if I > Tp the hydration 
stops "definitively while there is still some anhydrous matter. These last 
pastes are then characterized by a zero capillary porosity oe de - 


rees decreasing when T increases according to the law: Mm = : 


The bulk of the hydrates formed keeps a very fine porosity, globaly.constant 
and in the vicinity of 28%, the pore sizes vary between 20 and 100 A. From 
this T.C. Powers derived crystalisation characteristics for the dissolved hy- 
drates, implying that they cannot precipitate inside pores narrower than 15 
or 20 A. Due to the doubling of bulk volume, half of the hydrates have to mi- 
grate, while dissolved, toward the outside of the hydrated grain. This migra- 
tion takes place through the porous mass of,hydrates already created. As soon 
as the encountered pores are wider.than 20 A the precipitation of CSH is pos- 
sible. All gel pores wider than 20A (in theory) are thus unstable and bound 
to be filled, this implies a concentrical growth of the hydrated grains. 


In gel, one should distinguish the gel porosity, 28%, the capillary porosity 

n made of the voids between hydrated grains and the total porosity wich is the 
combination of the previous two. From this, we derived two basic relations 
applicable to the general case of pastes hydrated m%. The corresponding swel- 
ling of the hydrated grains being K, the capillary porosity is completely re- 
presented by the product KI, since actually n = 1-KI ; since the gel porosity 
is constant one might think that Kg is constant also, independant from the 
hydration degree. Hence the relation = 1 


Kg -T 
Experimental 
Characteristics of the cement used : 55 MPa at 28 days 
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Chemical composition S10, Al,0, Fe,0, Ca0 MgO SO, ignition loss 
Eis. 5.2 ae 64% 1.4% 3! 1.5% 


Bogue composition C35 C58 CA C,AF Potassium and sodium sulfates 


54! 20% 10° 74 0.89 
Blaine fineness 3400 cm?/g 
Curing of the pastes : immersion in water. 





Testing characteristics : compression tests are performed at the stress rate 
of 30 MPa/mn on cylindrical testing samples (30 mm in diameter and 90 mm in 
height). If drying were necessary it was limited to surface drying and perfor- 
med immediately before the compression test. 





Results and proposed strength law 





The results are presented on the figure 1. One clearly see that the Portland 
cement pastes must be separated into two groups of separate behaviour. 


One also notesthat, for the pastes of the first group and for the pastes of 
I’ < Tp hardened for an infinite time, the compressive strength is an exponen- 





tial function of I’. This exponential evolution can be parallelled to the 
Strength law Rc = R e“An often fitting porous materials (5) with 
ie Rc = compressive strength, R. = compressive strength of the same material at 


zero porosity and A being a Coefficient, the value of which depending on the 

structure and micro-structure of the material. In the case of a sintered ma- 

terial it characterises the nature and quality of the contacts from grains to 
grains. 








From this parallel and from the mechanism of the growth of the hydrated mate- 
rial proposed by T.C. Powers we concluded that for Portland cement pastes the 
porosity to account for is the,capil lary porosity. The compressive strength 
law can then be written Rc = —h a, with A : coefficient characterizing 
e 

the nature and quality of the contacts between the hydrated grains. The more 
efficient they are, the smaller is A. R. represents the compressive strength 
of the hydrated grains ; as the strength R. of their anhydrous part and the 
Strength R_ of their hydrated part are of — the same magnitude (6) we stated 


that R. = “Ct =R . R is the measured strength of pastes of T 2 
0 cmax” cmax p 


hardened for an infinite time, they are expected to have a zero capillary 
porosity. 













In the particular case of pastes of the first group and of pastes hardened for 
an infinite time with [f < [pwe have AK = Ct = J. A and K can be expressed 
as functions of hardening time t and written A(t) and K(t). 











Micro-structure model and strength law 





In the following pages the hydrated grain is schematized as a grain 

of C35 or CS encapsuled in CSH, but all the numerical values connected with 
it a¢count for the statistical incidence of compagnon anhydrous and hydrated 
materials. 








Schematization of the micro-structure 








A cement paste can be considered as an assembly of hydrated grains, comparable 
to a sintered material made of an assembly of grains more or less welded one 
to another. Its strength is function of the residual porosity between the 
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FIG.2 - Evolution of the micro-structure = capillary voids 
of a paste as hydration progresses 
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FIG.3 - Structure of the contact zone 
between "hydrated grains" 
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grains, i.e. sn ge porosity n = 1 - KI, of the grain strength, considered 
as constant and equal to R. and of the capacity to transmit stress from 
grain to grain, characterized. by the coefficient A. This is greater as, on the 
one hand the peripheric layer of the grains, where contact is made, is stron- 
ger, and on the other hand, the contacts are less ponctual. 









Evolution of the micro-structure and associated strength law (see figure 





From setting until the infinite time hardening, the micro-structure evoluates 
as follows. 









First the hydrated grains develop in a concentric manner, they remain pseudo- 
morphous with the initial anhydrous grains. All pastes of a same cement which 
are in this state get hydrated at the same rate. Then the hydrated grains are 
in mutual contact and the gel can develop only outside the contact zones. As 
long as most of hydrated grains are in the same situation as grain A of figu- 
re 2b, largely surrounded by capillary voids, the progression of water towards 
the surface of the anhydrous parts and the reciprocal progression of dissolved 
hydrates towards boundary of capillary woids where they will precipitate is not 
sensibly lengthened by the presence of the neighbouring grains. Each grain gets 
hydrated at the same rate as if there were no contact with the neighbouring 
grains. This is the first group : all pastes get hydrated at the same rate. 
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For a given hardening time t, they all have the same hydration degree m(t) and 
their strength is expressed by 


A(t) k(t)r 
~ AE) 


The value of K, can be computed from the results of the mechanical tests only. 


with A(t).K(t) = Constant = 





When, on the other hand most of grains are in the situation of B of figure 

2b, the openings to capillary voids are limited and the seepage through the 
gel already formed is sensibly lengthened. More over, a slight increase of the 
SOlid volume , sufficient to fill the voids such as V, and V,, causes an im- 
portant lengthening in the seepage and slows down hydration. This is the second 
group, hydration is largely slowened when © or the hydration degree m increases. 
The strength law given before remains valid, but A and K are not functions of 


hardening time anymore and are not related by AK = Ct. 


The boundary between first and second group is tied to a critical value QF of 
the ratio Q of the contact areas between hydrated grains to the peripheric 


areas of the hydrated grains. 


At the time when the hydrated grains form a mutal contact they are pseudo- 
morphous with the initial anhydrous grains, and the granular structures of al] 
pastes formed from the same cement are similar. Since the porosity of a granu- 
lar material depends only on the shape and the arrangement of its grains but 
not on their sizes, all these pastes show the same capillary porosity. Star- 
ting from similar conditions, the later growth of the hydrated grains remains 
uniform. Although nor pesudomorphous with the initial grains, their shapes 
evolve in similar fashion in all pastes. Thus, all through the hardening pro- 
cess, porosity and interlocking characteristics of the hydrated grains remain 
closely tied. Under those circonstances, for a given cement, the boundary bet- 
ween first and second group, which corresponds to a specific value Qr of the 

Q ratio, is tied to a unique value Ne of the capillary porosity. 


After an infinite hardening time, 


- the pastes such as [ < I'p are 100% hydrated and their strength is 


“omax alia with A(o) +» K(o) = 
A() 





P 


- the pastes such as [ >T, all have the same zero capillary porosity asso- 
ciated with the same strength Resa their hydration degrees decrease as I 
increases. 


Structure of the hydrated grains (see figure 3) 


Inside the mass of gel associated with hydrated grains each pore wider than 
20 A is unstable and must be filled ; this results in a gel of very dense 
structure. In the vicinity of the capillary voids a very loose intertwinning 
of CSH needles takes place in the outer zone of the hydrated grains. This is 
the gel with acicular facies wnich appears often in fracture examination with 
a SEM. Its voids are quickly filled while other crystalites loosely inter- 
twinned are formed outside. 


While the hydration progresses, the contact zones between grains increase. 
The environmental conditions get further apart from those of a free surface 


of a hydrated grain, characterized by acicular gel, to approach those of 
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the inner core of the hydrated mass, associated with compact gel. Sketches 
a and b of figure 3 illustrate this process. 





Our conclusion is that the major part of the gel of hydrated grains, outside 
as well as inside the boundaries of the initial anhydrous grains, is made of 
dense gel. The outer gel, with acicular facies, constitutes only a shallow 
peripheric rim, which remains durable only outside the contact zones between 
grains. The fact that R. remains constant versus the evolution of A(t), is 
consistent only with th?s description of the hydrated grains. 








Such an image of the hydrated grains is confirmed by the observations of 
Dalgleish and al. (7) and of M.S. Stucke and A.J. Majumdar (8). The former 
noteced that in the contact zone between hydrated grains the acicular gel pro- 
gressively turns to compact gel. The SEM pictures of the latter show that the 
rim of acicular gel remains too narrow to be else than the most external layer 
of the recently formed gel. 









Structure of the contact zones between grains 





In the second group, the contacts are of the type shown in figure 3b. They 
take place on very wide zones, and involve a compact gel. The transmission 
of stress from grains to grains takes place in the best conditions and the 
corresponding value of A must be minimum. The quality of the compact gel 
being constant and a charactéristic of the cement used, in the second group 
One must have A = constant = smaller possible value = A(~). 









In the first group, the contacts between grains take place largely among outer 
gel. The fact that A(t) decreases when the hardening time increases shows that 
the quality of contacts, in pastes of similar granular structure, improves. 
Two explanations, not mutually exclusive, can be given. Firstly, while the 
hydration progresses, some components are used up and the composition of the 
interstitial liquid phase is modified. With the same effect, the ionic diffu- 
Sion through a thickening mass of gel is slowened, the concentrations and 
concentration gradients of the dissolved hydrates in this same interstitial 
liquid are modified. One can think that this causes a modification of the 
structure of the outer gel, which is continually renewed. The SEM pictures 

of very old concretes, when they show the outer gel, indeed show a structure 
with very soft contours, apparently denser than those usually found after on- 
ly a few days of hardening. Secondly, if two pastes of the first group with 
Same capillary porosity are compared, the older one has a higher hydration 
degree, to which corresponds a larger K value and larger hydrated grains. As 
Shown on figure 4, which sketches spherical hydrated grains, if the layer of 
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outer gel keeps a constant thickness its influence in the contact between 
grains decreases when the grain diameter increases, this brings an improve- 
ment in the quality of contact and a decreases in A. This second concept al- 
so implies that in the first group, the contact zones being larger when I is 
larger, A decreases when I increases until it gradually reaches its minimum 
value in the second group. 


Conclusion 


The physical model proposed for the micro-structure of hardened Portland ce- 
ment pastes is associated with the compressive strength law Re = Ri, e""" or 
— "0 oAkr 
C 

e 
Both together allow to conclude that the essential parameter influencing the 
compressive strength of pastes is the capillary porosity n, linked to KI, K 
and m by a chain of reciprocal relations. The two groups of separate beha- 
viour noticed when considering the compressive strength have the following 
characteristic properties 
- first group : at the same age all pastes have the same hydration degree 
- second group : at the same age the hydration degree is a decreasing 
function of T 
- the boundary between the two groups is characterized by a unique value Ne 
of the capillary porosity. 
At last, the major part of the hydrates would be dense gel. The acicular gel 
(often observed on SEM pictures) would constitute only a shallow rim around 
the hydrated grain, its thickness would be roughly steady and it would remain 
only apart from the contact zone between grains. 


» R. being constant and equal to R 


O cmax~ 


The fact that the strength law accounts for all the strengths measured in our 
previous studies in a coherent manner tends to prove its validity. 


Nevertheless to definitively prove this validity we have still to verify by 
direct measurement the actuallity of the conclusions proposed above and show 
that the strenght law is valid for any paste, including pastes of the second 
group. 


This is the claim of the next paper. 
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ABSTRACT 





The concentrations of calcium and silica in solution during the first 
4 hours of C3S hydration were measured. The results of these 
analyses indicate that a solid calcium silicate hydrate forms within 
30 seconds of the start of hydration and that an equilibrium between 
the solution and the solid hydrate is rapidly established. A strong 
dependence of the rate of early hydration on the w:C3S ratio was 
observed, while the dependence on the surface area of the C3S was 
minimal. 








Introduction 














Various studies have been undertaken in order to establish the solubility 
relationships in the Ca0-Si0 9-H 70 system under equilibrium conditions [1,2,3, 
4,5]. Similarly, a number of studies have addressed the time-dependent 
variations of the calcium and silica concentrations in solution during the 
course of tricalcium silicate hydration [6,7,8]. Still other studies have 
been performed in efforts to establish whether C3S dissolution is congruent 
[6,7,9,10,11,12]. In general, the results of investigations carried out at 
temperatures below 50°C have shown: 








(1) a solubility relationship exists between calcium and silica in solution 
and a hydrated solid phase of variable composition; 

(2) during the first several hours of C3S hydration, the calcium ion 
concentration in solution increases while the silica concentration in 
solution decreases; 

(3) the calcium to silica ratios in solution vary depending on the water-to- 

C3S ratio and the time of hydration at which the measurement is carried 

out. 










However, no systematic study has been undertaken to establish the relevance 
of observations made at high w:C3S ratios to those in pastes or to determine 
the rates at which equilibria are established during C3S hydration. 
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Experimental 





Triclinjc tricalcium silicate having a Blaine fineness of 1986 em? /g or 

3525 cm“/g and a free lime content of 0.4 percent was hydrated at w:C3S 
ratios of 20, 10, 5, 2, and 0.7 for periods up to 4 hours at a temperature of 
24°C. In those experiments performed at w:C3S ratios above 0.7, the slurries 
were stirred during the course of hydration. After predetermined lengths 

of hydration, the samples were filtered and the calcium and silica concentra- 
tions in solution immediately measured. The samples were initially filtered 
through blood serum filters to remove the bulk of solid material and subse- 
quently through 0.2 um filters to obtain the test solutions. The solution 
analyses were carried out using automated colorimetric methods. The colori- 
metric reagent used in the calcium analyses was cresol phthalein while ammon- 
ium molybdate and ascorbic acid were used in the analyses for silica. In 
order to minimize carbonation all the experiments were carried out ina 

glove box. 


Results 


Results typical of those obtained in this investigation are presented in 
Figs. 1-3. Fig. la shows the calcium concentration to increase rapidly dur- 
ing the first minute of hydration and to approach a linear rate of increase 
at longer times (see Fig. 2). This behavior appears to be independent of the 
w:C3S ratio. The calcium concentrations in solution increase with a 
decreasing w:C3S ratio; however, the total amount of calcium liberated 
increases with increasing w:C3S ratio. Fig. lb shows the silica concentra- 
tions in solution to continuously decrease between 30 seconds and 10 minutes 
of hydration. However, both the concentrations of silica in solution and the 
total amounts of silica present in solution at any given time increase with 
increasing w:C3S ratio. 


Fig. 3 plots the calcium and silica concentrations in solution during the 
first four hours of hydration at a w:C3S ratio of 0.7. The calcium concen- 
tration in solution increases rapidly for about the first ten minutes as 
saturation with respect of calcium hydroxide is approached. The calcium 
concentration increases at an approximately linear rate for the next two 
hours until a maximum near 1.5 times saturation is reached. After reaching a 
maximum, the calcium concentration then slowly decreases as the result of 
Ca(OH)9 precipitation. The silica concentration in solution decreases from 
4.5 umol/& after three minutes of hydration reaching a minimum of 0.5 pmol/2% 
at the point where the calcium concentration is highest. The silica 
concentration then appears to increase slightly but remains below 1 pmol/%. 


Discussion 


Figs. 1 and 3 indicate the formation of a hydrated solid to initiate by 
precipitation from solution within 30 seconds of hydration. This hydrate 
forms at the expense of silica in solution; thus initial hydrate formation 
occurs at least in part by a through-solution mechanism. Fig. 3 suggests 
that a solubility relationship between calcium and silica in solution and a 
hydrated solid is rapidly established and that the relationship obtains past 
the end of the induction period as defined in terms of the onset of Ca(OH)? 
precipitation. 


When the pairs of calcium and silica concentration data obtained for various 
w:C3S ratios at times ranging from 30 seconds to 4 hours are plotted against 
each other, a well defined solubility curve is the result (Fig. 4). For 
reference, the equilibrium data of Flint and Wells (1), Roller and Ervin (2), 
and Fujii and Kondo (5), are plotted on this curve. The solubility 
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FIG. 1. 
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Calcium ion (a) and silica 


(b) concentrations in 

solution during the first 
10 minutes of hydration of C,S (3525 cm2/g) at w:C3S ratios ranging from 
0.7 to 20. Stirring was soul at w:C3S ratios above 0.7. 
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relationship calculated by Halstead and Lawrence (3): [ca(oH),]}°? [Si0,] = 
3.4 (concentrations in m M/2) is also plotted; and, with this exception, the 
data are in good agreement. Fig. 4 indicates that equilibrium between the 
solution and a hydrated solid is established within the first 30 seconds of 
C3S hydration and is maintained as hydration proceeds. In addition, this 
equilibrium relationship extends metastably beyond calcium hydroxide 
saturation. Viewing the equilibrium portion of this curve as representing a 
portion of the Ca0-Si079-H 0 ternary diagram, the various phase fields have 
been indicated. The invariant point, A, was determined to occur at a calcium 
ion concentration of 1260 mg/2, as CaO (22.5 mM/%). This was done by 
filtering a slightly supersaturated solution (~1400 mg/% as CaO) obtained by 
hydrating C3S, seeding it with solid Ca(OH)» to promote precipitation, and 
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measuring the calcium ion concentration in solution after stirring for 16 
hours and refiltering. This experiment was carried out in triplicate and the 
measured concentration values were 1245, 1265, and 1270 mg/2 as CaO. The 
saturation concentration of Ca(OH)» in water at 24°C, point B, was taken to 
be 1135 mg/2 as CaO by interpolation of the data of Hedin [13]. 
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Fig. 4 also shows that C3S dissolution is congruent. The line of congruent 
dissolution crosses the phase boundary at point C. However, the composition 
of the solution departs rapidly from congruency due to the formation of a 
hydrated solid having a C/S ratio less than 3. For example, the C/S ratio 
of the solution after 30 seconds of hydration at a w:C3S ratio of 20 is 
about 23. 


In order to compare the effects of the w:C3S ratio on the rate of early 
hydration, the percentages of reaction at the various w:C3S ratios were 
plotted against time for the first several hours. The percentage of reaction 
was calculated from the calcium ion concentrations in solution based on a 
materials balance for calcium predicated on the assumption that calcium 
hydroxide has not precipitated. This analysis is not valid after calcium 
hydroxide precipitation initiates. As Fig. 4 shows the dissolved silica can 
be neglected except at very low calcium ion concentrations. 


mass of CaO in solution at time, t x 100 
hypothetical mass of CaO liberated to solution 
for complete reaction 


% Reaction 





= mass of CaO in soln at time, t x 100 
mass of CaO in C3S - mass of CaO incorporated in C-S-H 
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The C/S ratio of the solid formed was assumed to vary from 1 to 1.7 depending 
on the calcium ion concentration in solution according to the curve of Taylor 
[14]. 

Fig. 5 plots the percentage of C3S reacted (a) against time for the various 
w:C3S ratios investigated. The upper limit to a when calculated in this way 
is governed by the amount of Ca(OH) 9 that can be accomodated in solution 
without precipitation. Assuming this maximum Ca(0H)9 concentration to be 1.5 
times saturation (~1800 mg/2 as CaO) and assuming that the C:S ratio for the 
C-S-H in equilibrium with such a solution is 1.7, this calulation should apply 
for values of a ranging up to 0.45% at w:C3S of 0.7 and to 11% at w:C35 of 
20. 


The curves in Fig. 5 show the same general features, namely an initial rapid 
rise in a over the first minutes of hydration with the rate of increase there- 
after approximating linearity. During the initial rapid increase in a, 
dissolution of C3S may be rate controlling. However, this hypothesis does 

not appear to be tenable during the next several hours. Fig. 5 indicates 
da/dt for a given w:C3S ratio to remain approximately constant during this 
period with the rate being independent of the specific surface area of the C3S 
for the two finenesses used. The interpretation of these results is uncertain, 
but a rate dependence involving the formation of a diffusion barrier of con- 
stant permeability is not indicated, and the data fit to the equations of 
Jander [16] and Ginstling and Brounstein [17] was poor. 


Summary and Conclusions 





Equilibrium between hydrated calcium silicate and the aqueous phase is rapidly 
established during C3S hydration. This equilibrium extends metastably beyond 
Ca(OH) saturation. The rate of early hydration shows a strong dependence on 


the w:C3S ratio. In addition, the rate of hydration after the first few 
minutes does not appear to depend on the surface area of the C3S. This rate 
dependence is inconsistent with the formation of a diffusion barrier of 


constant permeability. 
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ABSTRACT 
Deformation controlled uniaxial tests have been carried out on 


cylindrical concrete specimens in order to establish the complete 
stress-deformation curve in tensile loading. Furthermore, cyclic 
tests have been performed under three types of loading: cycling 
from a tensile low stress, cycling from a compressive lower stress, 
and cycling between a lower and an upper stress to the envelope 
curve, respectively. The results seem to show that the tensile 
envelope curve is unique and the residual strength is the more 
affected the lower the stress at unloading is. 


Introduction 





During the last two decades, the attention paid to the mechanical pro- 
perties of concrete has been continuously growing and the scope of advanced 
theoretical and experimental treatment has been extended. There are many 
reasons for this: engineering practice has been challenged by new types of 


structures, like offshore platforms, wind and wave energy converters, floating 


structures; materials engineers are asked for new types of high quality con- 
crete; on the other hand, numerical analytical methods are rapidly developing 
and fracture mechanics has been established as a reliable discipline in safety 
assessment. Most of these developments did not start in the field of concrete 
and concrete structures, but rather in metal engineering. However, the methods 
proved to be applicable to concrete provided that the material models are ap- 


propriate and available (1, 2). Unfortunately, there is still a lack of under- 


standing and of modelling of behav 


eLlail 


For instance fatigue of concrete under tensile and tensile-compressive 
loading, the knowledge of which is essential for the design and safety 
analysis of floating structures and energy converters (3). The approach of 
fatigue behaviour is rather empirical by means of S-N-curves (4) and Goodman 
diagrams than by fundamental considerations. Extrapolation to other condi- 
tions and interpretation of unexpected results is difficult; for instance, 
the fact that load reversals cause much more reduction in strength than re- 
peated tensile or compressive loadings (5). 
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TABLE 1 
Concrete Mix and Properties 


Type of cement : Portland type B (medium rapid) 
Cement content : 325 kg/m? 

Sand /4 mm : 878 kg/m?_ 

Gravel 4/16 mm : 1064 kg/m” 

w/c-ratio s-0250 

air content of fresh concrete : 2.4% 

density of fresh concrete : 2360 kg/m3 

cube strength (150 mm cubes) : fy, = 45.4 N/mm2, c.v. = 1,4% 
splitting tensile strength : f spe 2.9 N/mm*, c.v. = 3.3% 


Loading and Measuring Equipment 





The tests were carried out on a displacement controlled electro-hy- 
draulic loading equipment with two prestressed swivel heads between which 
the actuator, the load and the specimen glued to loading platens were ar- 
ranged in series. The actuator can act in two directions with a capacity 
of 100 kN. The control of load and displacement was as follows: across the 
saw cut three LVDT's were attached to the concrete with a measuring length 
of 25 mm under 120 degress between each other. The signals were averaged 
and fed into a variable-gain amplifier and compared to the signal of the 


steering unit. In this way a constant deformation rate was achieved. For 
the first type of experiments this control was sufficient and the test could 
proceed until the measuring range of the LVDT's was reached (1 mm). At this 


moment the specimen already completely failed. For the second type of ex- 
periments two more conditions were defined: the point of deformation re- 






versal and the lower stress. Both were force conditions. If the load dropped 
by a certain amount AF during deforming the steering unit generated a signal 
to the variable-gain amplifier to change the deformation direction and the 
specimen started to unload. The value of AF was generally 0.32 kN. The un- 
loading continued until the lower stress was reached where once again the 
deformation direction changed. The third type of experiments had two upper 
stress conditions and a lower stress condition. The first loading cycle was 
the same as in the second type. The second loading cycle went on until a 
certain upper stress was reached where the deformation direction changed. 
Cycling between lower and upper stress took place until the upper stress could 
no longer be applied. The control procedure then switched to the second type 
of loading, i.e. AF was obeyed. The signal accuracy of lower and upper force 
















corresponded with 0.16 KN. 





Apart from the LVDT's mentioned, there were two more which were at- 
tached opposite to each other and which measured the total elongation of 
the specimen. All signals were stored on a seven track tape recorder and 
processed with the laboratory computer. A load displacement curve was 
plotted on a x-y-recorder during the test. 














During the test program it turned out that the maximum deformation 
rate, where stable fracture occurred, was 4 um/s. Higher rates caused im- 
failure after the maximum stress had been 







mediate reached. 





Experimental Results 









The primary results are force-displacement curves for the three loading 
types. From these, Young's modulus E and the tensile strength f,+ could be 
determined. E is the stress at one third of the tensile strength divided by 
the appropriate strain while f,; is the ultimate stress of the stress-strain 
curve. From the same diagram also the strain € 5 at maximum stress could be 
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taken. Table 2 shows the results of the three quantities in relation to 
deformation rate. The number of samples n are 16, 28, and 13, resp., for the 
three strain rates. The variation of the deformation rate was not large enough 
to show a significant influence on E and €,. As fct is concerned a power re- 


lation could be established with a coefficient of correlation of 0.73. 


TABLE 2 
Youngs's modulus, tensile strength and strain at 0 = ft 





€ uUstrain 
1) 
n 
16 
28 
13 























coefficient of variation in 


The following five figures, show typical results from the three types 
of loading. To start with, fig. 2 gives a stress-deformation curve for mono- 
tonically increasing deformation. After a rather linear ascending part the 
line bends to reach the top value and to descend steeply and furtheron more 
slowly. Similar results have already been reported by Petersson (7) and 
Mazars (8). Fig. 3 represents 
a cyclic stress-deformation 
curve for a tensile lower stress. 
The lines nave several typical 
features: the loading and un- 
loading stiffness decrease at 
each cycle, the irreversible 
deformation increases and the 
deformation increase per cycle 
increases (the upper stress is 
controlled and steers the un- 
loading signal. 





The results of a test where 
the lower stress is compres- 
sive, is given in fig. 4. 

It shows the same features as 


cated 2 fig. 3 with a more pronounced 
Stress-Deformation Curve at Constant decrease of stiffness 
Rate of Deformation 











The amount of irreversible de- 
formation is less increasing 
than in the previous case. 





If the lower stress is 

a high compressive stress, 
rig. DS, the strain at-con- 
pressive loading is also 
negative. However, after a 
certain number of cycles 

the irreversible strain at 
the lower stress has in- 
creased to the positive 
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Stress-Deformation Curve under Cyclic formation in one cycle 
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has become after a few 
cycles. 





Before the third 
type of loading will 
be shown a few remarks 
will be made in regard 
to the general shape of 
the stress-deformation | 
curve. WA A- 

First, we should 
recall the type of 
measurements: the de- 
formation as given in : : : — Weees 
the previous figures, 
is the displacement 
of two points 10 mm 
above and below the 
saw cut. From experi- 
mental evidence, the 
saw cut is the place panto | “ 
where the cracks starts 20 
to develop. Thus, the ais 
displacement contains 
te the elastic deforma- 
tion of the material 
between the two points 
and the exterior ope- 
ning Of the crack. 

So far nothing can be 
said about the shape 
of the cross-section 
of the crack. During 
cycling, the elastic 
portion diminishes 
while the crack ope- 
ning prevails. 
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FIG. 4 
Stress-Deformation Curve under Alternating 
Loading (Small Compressive Stress) 

































FIG. 5 
Stress-Deformation Curve under Alternating 
Loading (Large Compressive Stress) 









Following a cyclic stress-deformation curve various stages can be dis- 
tinguished: elastic elongation, small crack opening, elastic unloading, 
crack closing. From the slope of the lines it can be said that in each cycle 
the cracked zone increases in the specimen and that the crack faces do not 
match any more. Some portions will be stressed in compression even if the 
remote average stress is tensile. When the average lower stress is compres- 
sive the crack faces are forced together, which is confirmed at reloading 

by a stiff, rather elastic behaviour. 











In regard to the large absolute displacement as recorded in the alter- 
nating stress cycles a cracking zone should be assumed rather than a dis- 
crete crack. Because the elastic normal strain is not enough to explain the 
amount of elastic recovery the cracking zone may consist of voids which are 
interconnected by bridges, fig. 6. 
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Fracture Zone in Loaded and Unloaded State 


dg ing which leads to higher deformation than normal 
force would cause. This point needs more investigation before a rational 


7 of this series shows results with cyclic loading 
stress levels. It can be seen that during cycling the 
gradually until the point is reached where the upper 





FIG. 7 
Cyclic Loading between 
Lower and Upper Stress 
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Results 



















paragraph the shape of the stress-deformation curve will be 


examined in regard to the influence of loading history which can be expres- 


sed in terms of strain rate, lower stress and number of cycles. The first 
question to be answered is about the uniqueness of the stress-deformation 


envelope curve equivalent to the finding in compressive loading (9). For 
this purpose the stress-deformation envelope curves are compared at four 
points of the crack opening 0, (defined as total deformation 0 minus elastic 
deformation 0/E). Table 3 gives the results for the three types of loading 
(compare fig. 1). It should be pointed out that the values are averaged for 
all strain rates since no significant influence of the strain rate could be 
detected. The coefficient of variation within one strain rate is about the 
same as for all strain rates together. 


It can be concluded 
same and that the scatter 
Admittedly, the scatter i 


O Fh 


rom the table that the envelope curves are the 
f the results is not much different, either. 
is rather great. 
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TABLE 3 
Stress Ratios (0/f t) versus Crack Opening for the Three Types of Loading 
‘ : YE 

ype of loading ... = 20 50 | 80 120 um | 
in « me < | 

1 | 0.39 ES Oe 2 21 0.14 JO) Ore 3€ 

2 0.38 14 0.21 16 B43: 23 | 0.10 : 

3 0.38 18 Oe 20 14 Oets Oar Chae 23 

eae nad 1 





1) coefficient of variation in % 





FIG. 
Stress-Crack Opening Curve 
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Fig. 8 shows the average line and the 90% interval of all results of 
the crack opening in relation to the relative stress. For these types of 








experiments it may be stated that the envelope stress-deformation curve is 
unique, so not affected by the type of loading and the lower stress during 


CYCLING’. 














Another question is, whether a certain point of that line is reached 
after the same number of cycles. For that reason the force decrease within 
one cycle was determined. The cycle is defined to start in this case at the 
higher stress where the deformation is reversed and ends at the maximum 

stress reached again. It turned out that the force decrease was greater 

when the lower stress was lower (i.e. compressive). However, the scatter o 
these values was large so that this result can only be considered as an in- 
dication. 


Conclusions 


















The purpose of this investigation was to establish complete stress- 
deformation curves for concrete in tension and alternating tension-compres- 
sion. Therefore cylindrical specimens with a circumferential saw cut have 
been loaded with constant rate of deformation, the direction of which was 
controlled by predetermined stress values. It turned out that independently 
on loading history, the envelope of the stress-deformation curve is unique. 
Secondly it seems to be acceptable that the detrimental effect on strength 
is greater if the lower stress at unloading is lower (i.e. compressive). 


During the first series much experience has been gained in experimen- 
tal techniques. Tests which have already been started, are being performed 
on panels rather than cylinders with the intention to measure the st 
distribution around the crack tip, the transverse shape of the crack and 
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the extension of microcracked zones in the specimen. These data are neces- 
sary for a quantitative modelling of the behaviour of concrete under fatigue 


loading. 
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ABSTRACT 
Recent strength results from GRC materials exposed over 5 to 6 years in 
hot climates confirm, in real weathering conditions, the levelling of 
strength previously predicted from accelerated ageing tests. 


Introduction 





Glass fibre Reinforced Cement (GRC) is a relatively new material 
which has achieved widespread use in the construction industry over the 
last 10 to 12 years. An important factor contributing to the 
acceptance and specification of this new material was the development 
of a method of predicting the long term strength from accelerated 
ageing tests. The ageing procedures themselves, their interpretation 
and verification have been described in some detail by Litherland, 
Oakley and Proctor (Refs.1, 2). 


The Prediction Method 





Long term strength predictions were based on three main bodies of 
experimental data:- 


(i) Measurements of the direct tensile strength of strands of 
alkali resistant glass fibre in cement environments after 
exposure to hot, wet, aggressive conditions. 


(ii) Measurements of the strength of GRC composites after 
accelerated ageing in similar accelerated aggressive conditions. 


(these two sets of experimental results giving knowledge of the extent, 
kinetics and temperature dependence of strength loss for both fibres 
and composites - Ref.1.) 


(iii) Comparison of the above results with strength measurements on 
similar GRC composites after exposure to natural weathering 
over a number of years in different climates about the world. 
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The results of tests on the composites stored in artificial 
accelerated ageing conditions showed a consistent pattern of falling 
strength followed by a stable strength region. Composite strength 
changes in a variety of real climates showed similar patterns of 
behaviour in the initial falling strength region, with the same 
activation energy and temperature dependence as the accelerated tests. 
It was deduced from this that the same reaction governed strength loss 
in real and accelerated conditions, and that accelerated results could 
be used to predict the very long term behaviour in different climates 
(Refs.1, 2, 3, 4). Good correspondence was observed between predicted 
behaviour and actual weathering over 10 years in the UK as shown in 
Fig.] (Ref.2). 
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FIG.] 
Strength retention of CemFIL GRC in UK weather (§) compared with 


predictions from accelerated ageing tests at 50°C (©), 60°C (+) and 
80°C (x). 


Further Confirmation of Method 





Comparison of the real weathering and accelerated results given 
in Fig.1] shows that the method of prediction enabled the accelerated 
results to be positioned accurately in relation to real behaviour - 
also that the weathering behaviour, despite variations in conditions, 
followed the predicted initial falling strength behaviour very closely 
over 10 years. However, one critical point for long term prediction 
remained unconfirmed. That is whether the transition from falling 
strength to stable strength, seen in all the accelerated tests, would 
be reproduced in the cyclic and variable conditions of natural 
weathering? 
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the purposes of comparison, the data from these hot 
treated as if it were accelerated ageing data in relation to the cooler 
UK climate. It has been transposed to the appropriate age in the UK 
weather using the acceleration factors g Table which were 
calculated from the mean annual temperature of the site 
This treatment effectively averages and summarises the resul 
number of climates and enables a consistent behaviour 
deduced from the results presently available. The 
Fig.2 and clearly indicate that the predicted 
initial falling strength behaviour to a stable strength region 
occurring in real climatic conditions. 
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Strength retention of Cem-FIL GRC in UK weather (@) compared with 

predictions from real weather results obtained over several years in 
warmer climates, Arizona (4), Innisfail (x), Cloncurry (A), Lagos (©) 
and Bombay (¥). 
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Conclusions 


Strength tests on GRC composites weathered over 5 to 6 years ina 
number of hot climates have confirmed the levelling out of strength 
previously predicted from accelerated ageing tests in continuously hot 
wet conditions. 
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OL. ABSTRACT 


The effect of sodium carbonate and/or sodium lignosulfonate on the 
hydration of C2S alone and in the presence of C3A has been examin- 
ed by DTG and TG curves and by zeta potential measurements. The 
combined addition of sodium carbonate and lignosulfonate retards 
the CoS hydration to a lower extent than that observed for the C3S 
hydration. The retarding effect on the CaS hydration is significan- 
tly lower in the presence of 20% C3A. On the other hand, the early 
C3A hydration is completely blocked by admixtures simultaneously 
added. Addition of 0.9% sodium carbonate without lignosulfonate 
blocks the early hydration of both C3A and C2S. This effect was not 
found in the C3S-C3A system. 















Introduction 














In previous papers the effect of lignosulfonate and/or carbonate on the 
hydration of CaAF (1) C3A (2,3) and C3S with and without C3A (4) has been 

studied. In the present paper the influence of these admixtures on the hydra- 
tion of B-C2S with and without C3A is examined. 






Experimental 










Materials and Methods 





B-dicalcium silicate was synthesized from reagent grade CaC03 and silica 
by heating the mixture in the proper molar ratio at 1500° C and using B203 
(0.5%) as stabilizer for the B-form. The CoS, with a free lime content lower 
than 0.4%, was ground to a Blaine fineness of about 3000 cm2@/g. 







Tricalcium aluminate (C3A) described in a previous paper (5) was used. 
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C) and/or sodium lignosulfonate (lgs), 
bohydrates, were dry-mixed with CoS or 
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Table 1] 


Composition of Mixes 





the admixture in the liquid 
is used. 


es of the hydration products of CoS with and 
S reacts with water without NC and lgs (Fig. 1A), 
DIG peak at about 140° C and a sharper one at 


peak at about 750° C due to CaC03 is also observ- 


1B) does not cause any significant 
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(Fig. IC) the CoS hydration is completely 
ys the CoS hydration starts, as small peaks 
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at about 140° C, 500° C and 750° C appear. Thus, it seems that Igs retard 
7 
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the CoS hydration remarkably less than the C3S hydration: in a previous 
paper it was found that 0.3% lgs completely block C2S hy tion for 


at least 14 days. Similar results on the hydration of 
\ a } ‘as 


of lgs have been obtained by Young (6) and Ram 


/ 


The combined addition of NC (0.3%) 2 
tion for about 1 day (Fig. 1D). At 3 day S-H, 03 peaks can be 
observed. Thus a combined addition of lgs and NC retards the CoS hydration 
much less than lgs alone does (Fig. 1C and D). A similar effect was found 


cH and 


also for the C3S hydration (4). However, the combined addition of lgs and 
NC retard the CaS hydration much less than that of the C3S: 0 lgs and 
0.3% NC simultaneously added completely block the hydration of C3S for at 


least 7 days (4) and that of CoS for about 1 day (Fig. 1D). 


_ Figure 2 shows the percentage of CH including that transformed into 
CaCO3 as a function of time for CoS alone (control mix) and in the presen- 
ce of 0.3% of additives. These data, based on TG curves, confirm that NC 
does not substantially change the C2S hydration, whereas a combin 
tion of Igs and NC retards the CaS hydration significantly less th 
alone does. 
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Percentage of CH as a function of time for CaS pastes. 


In Fig. 3 the zeta potential as a function of NC and lgs concentration 
in the liquid phase is shown. The zeta potential value for CaS without admix- 
tures, even considering the relatively large scatter of the zeta potential 
of CoS particles in the absence of admixtures, is about OmV. 

The addition of either NC or lgs lowers the zeta potential value. The 
latter seems to be a like more effective in the change of zeta potential, par- 


ticularly at low concentrations. 
When NC and lgs are simultaneously added, a minimum (-45mV) in the zeta 
potential curve is observed. 


The concentration in the liquid phase of the admixtures corresponding to 
the minimum is about 4 g/1. Similar results have been obtained for the C3S- 


water suspension (4). 


Influence of NC and lgs on CoS Hydration in the Presence of C3A 





Figures 4 and 5 show the DTG curves of CoS-C3A mixes hydrated for diffe- 
rent periods of time and different dosages (0.3% and 0.9% respectively) of 
additives. 

In the sample not containing admixtures (Fig. 4A, and 5A>) four hydrated 
phases are observed: C-S-H (140° C), hexagonal hydroaluminates (190° C and 
250° C), cubic hydrate (320° C) and CH (500° C). Within the first three hours 
of hydration only hexagonal hydroaluminates and traces of cubic hydrate can 
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seem to cause a significant stronger retarding effect on CoS hydration, whe- 
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Figures 4D] and 5Do9 show the DTG curves for the C2S-C3A system in the pre- 
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DTG curves for C3A pastes with 0.9% NC without 
CH (E), with CH (F) and in the presence of CoS 
and CH (G) (See Table 2) 
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In Fig. 9 the influence of the 

25-C3A system is shown. The effect 
addition of NC and/or Igs to CS alone 
also in the C2S-C3A system, as well in the C3S-C3A one (4), there is a mini- 
mum in the zeta potential - concentration curve when NC and lgs are simultaneous - 
ly added. Since no minimum has been observed for C3A alone (2) it would seem 
that this minimum could be ascribed to the effect of NC and 1lgs on calcium sili- 
Caves. 


Conclusions 


1. At a given dosage (0.3%), lgs alone retards the CoS hydrati in the absen- 
ce of C3A much more effectively than in the presence of C3A (Figs. 2 and 7). 
This could be explained by the strong adsorption of lignosulfonate on hydrat- 
ing C3A, so that the lgs concentration is remarkably lower in the presence of 
C3A. 


2. Relatively high dosages of NC alone (0.9%) blocks the early hydration of 


both C3A and CaS (Fig. 5Ba). This specific ef disappears in the presence 
of lime (Fig. 6) or when C3S substitutes for 


3. The combined addition of lgs and NC blocks ‘the early C3A hydration. The 
higher the dosage of the admixtures, the longer the induction period (Figs. 
4D] and 5D2). The combined addition of NC and lgs retards the CaS hydration 


much more effectively in the absence than in the presence of C3A (Figs. 2 and 
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Zeta potential of CoS-C3A as 
a function of admixtures con- 
centration in the liquid 
phase. 
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The higher the dosage of Igs and NC simultaneously added, the longer is 


induction period of the CaS hydration in the presence of C2A. Similar re- 


re obtained in the C3S-C3A system (4). 


the absence of C3A the combined addition of NC and lgs retards the C2S 
ion less effectively than lgs alone does (Fig. 2). The opposite is true 


Q 


ence of C3A (Figs. 7 and 8). Similar results were obtained in the 


curve. 


6. The dispersion action and the completely blocking effect on the early C3A 
hydration also in this case seem to be the determinant factors for the fluidi- 
fying effect caused by the combined addition of NC and lgs to a clinker Port- 
land cement. 
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ABSTRACT 
The effects of factors associated with the composition of the matrix, 







i-e. curing conditions and time and mix proportions, on the shear 
strength of the interfacial hond hetween steel fibres and a cementitious 






mortar matrix have been examined experimentally using a single-fibre 





pull-out test technique. The experimental results indicate that bond 






shear strength increases significantly with an increase in matrix curing 
time and, for specimens with the fibre axis perpendicular to the direc- 






tion of casting and compaction of the matrix, with a decrease in the 
proportion of water by weight in the matrix mortar. This latter effect 
is attributed to bleed water gain under the embedded fibre, as it is not 








observed in specimens with the fibre axis parallel to the direction of 
casting and compaction of the matrix. Furthermore, the results indicate 
that there is no correlation between interfacial bond shear strength and 
matrix mortar compressive strength. 








Introduction 











In comparison with other materials used as matrices in fibre-reinforced 





composites, e.g. plastics and metals, cementitious materials are heterogeneous 
and unstable. Consequently, the interfacial relationships responsible for 






fibre/matrix bonding in cement-based composites are more complex and not as well 






understood as those in other types. 
















the struc- 





As cementitious materials are particulate and porous in nature, 
ture of the matrix, and hence the strength of the bond with the reinforcement, 
may vary considerably along the interface in an irregular way. Pores or voids 
in the matrix result in discontinuous interfacial contact, and therefore the 
effectively-bonded area is less than the nominal surface area of the reinforce- 
ment. These voids also act as stress concentrators, which lower the apparent 


streneth of the interfacial hond. 
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Furthermore, chemical and nhysical changes occur in cementitious materials 

and the environmental conditions to which they are exposed during 

These changes occur primarily in the hydrating cement paste, which is 

responsible for bondine with the reinforcement; chemical changes affect the 

chemical interaction and hence the adhesional bond with the reinforcement, 

whereas physical changes (expansion or contraction) affect the frictional 
resistance at the interface (1). 


the fibre/matrix interfacial bond in cement-based compo- 


vy dependent upon the phvsical 


and chemical composition of the 


matrix. I therefore follows that bond strength is affected by factors which 


i A 


atftect th composition and t neth o the matrix. An investigation which 
examines the influence f suct actors, specifically (1) matrix curing condi- 

time and (2) matrix mix proportions, on the apparent shear strength of 
interfacial bond between brass-coated steel wire and a cementitious mortar 


+c dac jh 3 
LS escripnec 


For the steel fibre 


reported that for plain wire pu ou specimens, curing under 


i 

resulted in a lower average interfacial hond shear strength 

at 100 percent relative humidity The opposite effect was observed by 

Tattersall ar Urba i ( whose results show that specimens cured under 

water have a higher averase shear strength, at 7 days, than those cured in air 
y. Harris et al. (4) found that, 

stresses for uncoated steel wires in a 


than in air-cured specimens. 
xamined the effec of age and found 
specimens cured at 99 percent relative 
rth increased approximately 
upon the cleanness of the wire surface. 


average shear strength of the _ bond 


1e< 
showed little improvement with longer 


indication of the curing condi- 
le improvement in the tensile hond 

strength > 1ild steel and several cement pastes and mortars 

increase in saturated ai setween 7 and 28 

proportions on the strength of the interfacial 
even more limited extent 12 those of curing 
Tattersall and Urbanowicz (3) and Hughes and Fattuhi (7) 
consisting of steel wire fibres in both cement paste 
different water/cement ratios were used in each 
type of matrix int two studi it is not possible to separate the effect of 
the addition of ageregat rom that of the change in water/cement ratio. 
The results obtained hy Urbanowicz for plain, cleaned wires show 
no difference between the mean value of the apparent bond shear strength for 
the cement paste (water/cement ).3) and the mortar (water/cement = 0.5, 
sand/cement = 3) matrices, but it is interesting to note that the variability in 
the test results for the mortar specimens is much larger than that for the 
cement paste specimens. Hughes and Fattuhi found that the mortar matrix 
(water/cement = 0.4, sand/ cement = 3) provided higher bond strengths than the 
cement paste (water/cement = 0.3) for most of the fibres used, which they 
attribute to the increased frictional resistance between the fibre and the 
matrix due to the aggregate. In a more thorough study covering a wide range of 
both water/cement and sand/cement ratios, Page et al. (4) found that for mixes 


4 


of given water/cement ratio cured for 7 days or longer, aggregate content had an 
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Curing Conditions and Time 





The results of the pull-out and compression tests 
series are summarized in Table 1, and the variation in the 
with curing time for the two curing conditions is shown in 


test 


carried out in this 
average bond strength 
Fig. 1. It should be 


noted that at 28 days, some, and at 90 days, all of the fog room cured pull-out 
specimens were unfit for testing as the portion of the fibre protruding from the 
matrix block was sufficiently corroded under these conditions that fibre failure 
occurred either before testing or at very low applied loads during testing. 
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FIG. 1 


Variation of Average Interfacial Bond Shear Strength With Matrix Curing Time 


The mean values of the average bond strengths for the two curing conditions 
are the same at 7 days, but that of the fog room cured specimens is approxi- 
mately 15 per cent higher at 28 days. However, the difference between the mean 
values at this later age is not statistically significant. It is apparent, 
therefore, that in comparison with standard fog room curing conditions, the 
extra moisture provided by water curing has no significant effect on the devel- 
opment of fibre/matrix interfacial bond shear strength up to an age of 28 days. 
These results are essentially in agreement with those obtained by deVekey and 
Majumdar (2) at 28 days, but differ from those obtained by Tattersall and 
Urbanowicz (3), for a cement paste matrix. 


The compressive strength test results are similar in that the differences 
between the mean values for the two curing conditions are not statistically 
significant at 7 or 28 days. However, this difference is significant at 90 
days, the strength of the fog room cured specimens being approximately 9 percent 
higher than that of the water cured specimens at this age. 


The test data plotted in Fig. 1 clearly indicate an increase in the appar- 
ent shear strength of the interfacial bond with an increase in curing time. 
This increase is not statistically significant for the specimens cured in water 
between 7. and 28 days, but it is highly significant for the specimens cured in 
the fog room over this period and for the specimens cured in water between 28 
and 90 days. Inspite of this inconsistency in the statistical significance of 
the test results, it is evident that increasing the curing time from 7 to 28 
days and from 28 to 90 days produces a meaningful increase in fibre/matrix bond 
shear strength under both of the curing conditions examined. 
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Variation of Average Interfacial Bond Shear Strength With Matrix Mix Proportions 


cement ratio at a constant water/cement ratio. A possible explanation for this 
behaviour, which has been previously noted (19) but is opposite to that observed 
for concretes, where increasing the aggregate/cement ratio generally produces an 
increase in the compressive strength (11), has been given by Ward (12). He 
notes that due to the high specific surface of fine aggregate, the material 
added to increase the sand/cement ratio increases the cement paste-aggregate 
surface bond area significantly. As crack propagation in mortars at Loads near 
ultimate is primarily in the form of local bond failure, he suggests that the 
increase in total bond area leads to an increased rate of crack propagation in 
the higher sand/cement ratio mortars and therefore to a lower ultimate strength. 
In view of this obviously strong inverse dependence of matrix mortar compressive 
strength on sand/cement ratio and the specious interrelationship between matrix 
compressive strength and interfacial bond strength, the observed variation of 
bond shear strength with sand/cement ratio is perhaps surprising. 


An attempt is made in Fig. 3 to show more clearly the effects of both 
water/cement and sand/cement ratio on the matrix mortar compressive strength and 
the apparent interfacial bond shear. strength. The observed increases in 
strength with changes in these ratios, and the statistical significance of these 
increases, are represented diagrammatically in this figure. For compressive 
strength, only the increases between the diagonally related mixes are shown as 
these are all highly significant and therefore the effect of the two ratios, 
either separately or combined, is very clear, i.e. an increase in either or both 
ratios leads to a decrease in the compressive strength of the matrix mortar. 
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FIG. 3 


Variation of Average Interfacial Bond Shear Strength and 
Matrix Compressive Strength With Matrix Mix Proportions 


For the apparent average interfacial bond shear strength, the relationships 
between all of the mixes are shown in Fig. 3 as the overall pattern is not as 
clearly defined as that for compressive strength. The diagonal relationship 
indicated in this figure confirms the trends observed in Fig. 2 and better 
illustrates the difference in the effect of sand/cement ratio on the two 
strengths. The results also suggest that some interaction between the effects 
of the two ratios on bond strength may be occurring, a reduction in water/cement 
ratio seeming to be more effective at the highest sand/cement ratio than at the 


lowest. 


To examine the effects of the actual proportions of the materials in the 
matrix mortar on the shear strength of the bond in a more rigorous manner, a 
bivariate correlation analysis was carried out (13). Both the mean value and 
the standard deviation of the apparent bond strength were selected as dependent 
variables in the analysis, the latter to examine the effect of the independent 
variables, i.e. the proportions by weight of sand, cement, and water in the 
matrix mortar, on the observed variability in the pull-out test results. In 
addition, the flow and compressive strength of the matrix mortar mix were 
included in the analysis as both dependent and independent variables, and the 
water/cement and sand/cement ratios were included as independent variables only. 


The important results of the analysis, presented in the form of a simple 


if} 


correlation matrix in Table 3, can be summarized as follows: 


Es The mean value of bond strength is significantly correlated with the 
measured flow of the fresh mortar and the proportion of water in the mix. 


The variability in the apparent bond strength is highly significantly 
correlated with the measured flow of the fresh mortar and the proportion of 
water in the mix. 


The compressive strength of the matrix mortar is highly significantly 
correlated with the water/cement ratio. 
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TABLE 3 


Simple Correlation Matrix 








Water/ Sand/ Mix Proportions 
Compressive Flow Cement Cement 
Strength Ratio Ratio Sand Cement Water 








Average Interfacial 
Bond Strength - 0.120 -0.779! -0.320 0.512 0.609 -0.454 -0.794} 
Mean Value 


Average Interfacial 
Bond Strength - 0.045 -0.951* -0.235 0.686 0.771 -0.615 -0.91% 
Standard Deviation 


Compressive Strength 1.00 0.032 -0.913°-0.742 -0.632 0.801" 0.062 


Flow 1.00 -0.321 -0.648 -0.759 0.576 0.968 





lcorrelation significant (P < 0-05) 
“Correlation highly significant (P < 0.01) 





cis 4. The flow of the fresh matrix mortar is highly significantly correlated with 
the proportion of water in the mix. 






It should be noted that the coefficients for the correlation between both 
the mean value and the standard deviation of the apparent bond strength and the 
compressive strength of the matrix mortar are small, indicating that the vari- 
ables are essentially independent of each other, i.e. that there is no inter- 
relationship between interfacial bond shear strength and matrix compressive 
strength. However, both the mean value and the standard deviation of the bond 
strength are significantly correlated with the measured flow of the fresh matrix 
mortar and the proportion of water in the mix. As these latter two variables 
are also significantly correlated, it is obvious that of those considered in the 
analysis, the principal variable affecting the apparent shear strength of the 
interfacial bond is the proportion of water in the matrix mortar. 




















The mean value and the standard deviation of the apparent hond shear 
strength, and the corresponding best-fit linear regression curves, are plotted 
against the proportion of water in the matrix mortar in Fig. 4. The linear 
regression coefficients are the same as the correlation coefficients given in 
Table 3, i.e. -0.794 for the mean value of the bond strength and -0.915 for the 
standard deviation. As shown in this figure, and indicated by the negative 
correlation/regression coefficients, both the mean value and the standard devia- 
tion of the apparent bond shear strength decrease with an increase in the 
proportion by weight of total mix water. 













The detrimental effect of an increase in the water content of the matrix 
mortar on the apparent interfacial bond shear strength is almost certainly due 
to water gain, i.e. an accumulation of water, under the embedded fibre in these 
horizontally-cast specimens. This occurs as a result of the tendency of excess 
mix water to rise during and after consolidation. Water gain has been shown to 
have a weakening effect on the cement paste-aggregate bond in plain concrete 
(14, 15, 16) and the concrete-steel bond in reinforced concrete (14). The 
effect of this accumulation of water is to increase the water/cement ratio 
"locally" and hence to increase the porosity and decrease the strength of the 
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cement paste immediately under the embedded fibre. The effective area as well 
as the adhesional and frictional resistance components of the interfacial bond 
are thereby reduced. Increasing the ratio of the surface area of the solids in 
the mix to the water by increasing the proportion of fine aggregate has been 
shown to reduce the effect of water gain (14) and this probably accounts for the 
observed increase in bond strength with an increase in the sand/cement ratio or 
the proportion of sand in the matrix mortar (as indicated by the corresponding 
positive correlation coefficients in Table 3). Further support for this 
supposition is provided by the observed effect of the orientation of the pull- 
out test specimens during casting on the apparent bond shear’. strength, 
previously reported by the authors (8). As shown in Fig. 5, the bond strength 
of specimens cast vertically, i.e. with the embedded fibre parallel to the 
direction of casting and consolidation of the matrix mortar, is higher than that 
for specimens cast horizontally from the same mix. The difference in apparent 
bond strength between the two specimen orientations is significant for the low 
sand/cement ratio mixes, but decreases as the sand/cement ratio increases or the 
proportion of water in the mix decreases. 


For the vertically-cast specimens, an increase in the sand/cement ratio in 
the matrix mortar obviously results in a decrease in the apparent bond shear 
strength, although neither of the differences between the mean values for ratios 
of 2.0 and 3.0 or 3.0 and 4.0 are statistically significant. This variation in 
bond strength would seem to result from the change in the relative proportions 
of cement paste and aggregate in the matrix with the change in the sand/cement 
ratio — the proportion of the cement paste decreasing as this ratio increases 
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Conclusions 


. Ps The shear streneth of the interfacial bond between a steel fibre and a 


cementitious mortar matrix, determined using a single-fibre, single-sided pull- 


out test technique, has been found to be affected by certain factors associated 


with the composition of the matrix mortar. In particular, a significant 
increase in bond strength occurs as a result of (1) an increase in curing time 
under moist curing conditions, and (2), in horizontally-cast specimens, a 


decrease in the pnroportion by weight of total mix water. 


Ae The observed improvement in interfacial bond shear strength with curing 
that hydration of the cement paste in the interfacial zone does 
after the initial few days of curing, but continues for 


time supsests 
not effectively cease 


some considerable time thereafter. 


35 Accumulation of bleed water under the embedded fibre is believed to account 
for the decrease in bond strength with an increase in the proportion of mix 
water in specimens cast horizontally, even though the proportion of cement paste 
easing. In contrast, results for vertically-cast specimens suggest 


is also tacr 
that bond shear strength increases, although not significantly, with an increase 
in the proportion of mix water. 


4. The results obtained ir his investigation indicate that there is no corre- 
lation between 


strength. 


interfacial nd shear strength and matrix mortar compressive 
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Introduction 


It has recently come to our attention that the use of salt-saturated 
solutions in mixing superplasticized mortars and concretes will sometimes lead 
to the entrainment of large quantities of air (in excess of 20%, often as high 
as 50%). This effect was unexpected and suggests a potential incompatibility 
between salt and superplasticizer. In an attempt to quantify the potential of 
various superplasticizers to entrain air when used in salt-containing mortars 
and concrete, the following test was developed. The concept is not entirely 
new (Dodson, 1981), but perhaps somewhat more quantitative. 


Experimental 





One hundred grams of water are added to a conventional laboratory Waring 
blendor. Superplasticizer (either dry or liquid) is then added to the water 
and plended at setting #4 for one minute. The level of foam generated is 
observed, relative to the original level of the solution. Observations are 
made immediately after mixing and again after one minute (to observe toam 
stability). Usually very little if any foaming occurs at this point. Next, 
35g ot salt (NaCl) are added to the original solution and once again the 
mixture is blended at #4 and the level of foam is measured. After these 
observations the solution is discarded and the process repeated for other 


combinations of ingredients. 


In the present study, the brine compatibility of superplasticizers were 
evaluated. The two most common superplasticizers, a sulphonated naphthalene 
formaldehyde condensate and a sulphonated melamine formaldehyde condensate 
were studied. In each case three tests were carried out. In the first, the 
system contained only superplasticizer, water and salt. Foam production as a 
function of superplasticizer concentration was measured. In the second and 
third cases, the control of toaming was studied after adding either a 
phosphate-based (TBP or DBP) or silicone-based defoaming agent to the original 


solution, 
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Results 


Results of testing a solid form of a sulfonated naphthalene formaldehyde 
condensate (SNFC) mixed with a saturated brine solution, with and without 
detoaming agents, are given in Figure 1. View (A) depicts foaming for various 
amounts of SNFC mixed with 100g H»0 and 35g of NaCl. Views (B) and (C) give 
the etfect of the addition of either 0.5g otf a phosphate or 1.0g ot a 10% 
active silicone fluid to the original solution, respectively. The level of 
foam development was unexpected, but did explain why our mortars and concretes 
were entraining air on prolonged mixing. 
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| 
| 


@—-@ AFTER! MINUTE _| 


LEVEL OF FOAM, CM 
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Figure 1. Sulphonated naphthalene formaldehyde condensate’s (SNFC) tendency 
towards foam production when mixed with brine and various 
defoamers. View (A) 100g H,0 + 35g NaCl. View (B) 100g H,O + 35g 
NaCl + 0.5g phosphate defoamer. View (C) 100g H,O + 35g NaCl + 
1.0g 10% silicone defoamer. 


Repeating the same test, but substituting a 20% active liquid sulphonated 
melamine formadehyde condensate (SMFC) for the above superplasticizer gave the 
results shown in Figure 2. Again, view (A) depicts the level of toaming 
obtained with SMFC mixed with water and salt. Only relatively little roaming 
was observed. Views (B) and (C) indicate effective control of foaming by 
either type of defoamer. 


Conclusions 


Apparently some type of chemical interaction is taking place between the 
sulfonate formaldehyde napthalene condensate and the salt which produces a 
large amount of relatively stable foam. Defoamers are only partially 
effective in controlling the foam. In the case of the sulphonated melamine 
formaldehyde condensate, foaming is of little consequence and can be 
effectively controlled with a defoamer. 


The described test is a simple one which allows one to quickly determine 
the potential for foaming. It allows one to sift through a complex matrix of 
potential combinations, reducing the number of tull mortar or concrete 
mixtures needed for evaluation of suitability of potential mixtures. 
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Figure 2. Sulphonated melamine formaldehyde condensate’s (SMFC) tendency 
towards foam production when mixed with brine and various 
defoamers. View (A) 100g H,0 + 35g NaCl. View (B) 100g H,0 + 35g 
NaCl + 0.5g phosphate defoamer. View (C) 100g HO + 35g NaCl + 
1.0g 10% silicone defoamer. 


In the present situation we wanted to reduce air entrainment, but 
conversely, should one want to increase air entrainment, one might do so by 
adding some salt to the sulfonated naphthalene condensate mixtures. 
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MATERIALS, National Bureau of Standards, Gaithersburg, MD. 
Information: Dr. J.G. Early, Metallurgy Division, Room 
A153, Building 223, National Bureau of Standards, Washing- 
ton, DC 20234 USA. 


International Conference on CONCRETE UNDER MULTIAXIAL 
CONDITIONS, Universite Paul Sabatier, Toulouse, France. 
Information: M. Lorrain, Conference Secretariat, I.N.S.A., 
Departement de Génie Civil, 31077 Toulouse Cedex, France. 


A Symposium on BLENDED CEMENTS, Sponsored by Committee C-1, 
Cement, of ASTM, in Denver, CQ. Information: Kathy Greene, 
ASTM, 1916 Race Street, Philadelphia, PA 19103 USA. 


Third ASTM/CIB/RILEM International Conference on DURABILITY 
OF BUILDING MATERIALS AND COMPONENTS, Espoo, Finland. In- 

formation: Anneli Kaarresalo, Technical Research of Finland, 
Division of Building Technology, SF-02150 Espoo 15, Finland. 


International Symposia on CONCRETE PRESSURE AND STORAGE 
VESSELS, SEA STRUCTURES IN ARCTIC REGIONS, AND PREFABRI- 
CATION, Federation Internationale de la Procontrainte 
(FIP), Canadian Prestressed Concrete Institute, Calgary, 
Alberta, Canada. Information: FIP, c/o Genstar Structures, 
Ltd., 1000-1520 Fourth St., S.W., Calgary, Alberta T2R 1H5 
Canada. 


Fourth International Congress on POLYMERS IN CONCRETE, 
Technische Holchschule Darmstadt, West Germany. Infor- 
mation: Prof. H. Schulz, Technische Hochschule Darmstadt, 
Kennwort; ICPIC 1984, Petersenstrasse 30, D-6100 Darm- 
stadt, West Germany. 





NEWS ITEMS 


Internation] Conference on IN SITU/NONDESTRUCTIVE TESTING Oct. 2-5, 1984 
OF CONCRETE, by ACI, CANMET, National Bureau of Standards 

and the Canadian Society for Civil Engineering, Westin 

Hotel, Ottawa, Canada. Information: Harry S. Wilson, 

CANMET, 405 Rochester St., Ottawa, Ontario, Canada KIA OG1. 


International Conference on TALL BUILDINGS, Shangri-la Hotel, Oct. 22-26, 1984 
Singapore, sponsored by the Council of the Institution of 

Engineers, Singapore. Information: The Chairman, ICTBS 84, 

10, Anson Road, #14-06, International Plaza, Republic of 

Singapore (0207). 


ACI Convention, Grand Hyatt, New York, NY. Information: Oct. 28-Nov. 2, 1984 
Ann K. Bruttel, Convention and Meetings Manager, ACI, 
P.O. Box 19140, Detroit, MI 48219 USA. 


CALL FOR PAPERS 





Materials Research Society Symposium on THE POTENTIAL FOR VERY HIGH 
STRENGTH CEMENT-BASED MATERIALS will be held in Boston, MA, November 26-30, 
1984. The fourth in a series devoted to cementitious materials, it 1s concerned 
with the concretes with strengths in excess of 10,000 psi (70 MPa). The two-day 
Symposium will have two sessions dealing with the fundamentals of achieving very 
high strength cement-based matrices. A further two sessions will be devoted to 
applications, both in civil engineering areas where cement and concrete have 
traditionally been used, and in new areas where formerly ceramics, metals, or 
reinforced plastics have been used. It is the aim of the symposium to explore 
the limits to high strength and examine the transition from a traditional 
Structural material to a low temperature ceramic-type material. Both invited 
and contributed papers will be presented. 


Papers are solicited for the following areas: 1) Microstructure - influ- 
ence of hydration products, aggregates, and other solid phases on properties; 
2) Porosity and pore size distrubutions - influence on properties; 3) Fracture - 
application of fracture theories, improvement of ductility; 4) Civil engineer- 
ing applications - new processes, applications, concrete properties; and 6) 
Novel applications in areas not traditionally associated with cements and con- 
cretes - e.g., replacements for ceramics, metals, or plastics. 


Abstracts and one- to two-page summaries must be received by Dr. J. Francis 
Young, 3209 Newmark Civil Engr. Lab., University of Illinois, 208 North Romine, 
Urbana, IL 61801, by June 15, 1984. Papers will be selected by the symposium 
co-chairman and authors will be notified of acceptance by July 30, 1984. Ac- 
cepted papers will be published in full in a symposium volume, after being ref- 
ereed. Authors must send two copies of the complete text to reach Dr. Young by 
Nov. 1, 1984 in order to have their paper included in the Proceedings. Write 
to Dr. Young to obtain the formats for the abstracts and for any additional in- 
formation. 
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ABSTRACT 
The test results reported here confirm the validity and the generali- 
ty of the compressive strength law and of the model of the micro- 


Structure proposed for hardened Portland cement pastes in the first 
paper of this series (1). 


AKI 


t KT and 
to the hydration degree by a chain of reciprocal relations. 


The main features of the model so confirmed are : the growth mode of 
the hydrated grains, the charactéristic patterns of the evolution of 
the capillary porosity and of the hydration degree for pastes of the 
first or the second group. 


Introduction 


In the first paper of this series (1) we proposed a physical model for the 
evolution of Portland cement pastes micro-structure and a strength law consis- 
tent with this model. They were derived, one from another, from the results 

of purely mechanical tests. Their mutual validity arises from their coherence 
associated with their capacity to account for the evolution of strength in all 
conceivable pastes. R 

The strength law is written R. = ile or Ro = ‘ e. The notations used 
here are those already used in the previous saint We will just briefly remind 
them. 

- Ro : compressive strength of the paste 

- Ro : compressive strength of the hydrated grains 

- n : capillary porosity = 1 - KI, K being the swelling of hydrated grains 
associated with hydration and T being a coefficient characterizing the cement- 
water ratio in the paste when it stiffened. 
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- A: coefficient characterizing the nature and quality of the contacts from 
grains to grains. 


The associated model of the micro-structure involves that the essential para- 
meter influencing the compressive strength is the capillary porosity n, lin- 
ked to the swelling K of the hydrated grains and to the hydration degree m by 
a reciprocal chain of relations. It appears that the pastes must be separated 
into two groups of separate behaviour, the first group : at the same age all 
pastes have the same hydration degree, and the second group : at the same age 
the hydration degree is a decreasing function of T. The boundary between the 
two groups is characterized by a unique value Ne of the capillary porosity. 


The values of Kg, actual swelling of the gel, and of R., strength of the hy- 
drated grains, would remain constant. The major part of the hydrates would 
be dense gel. The acicular gel (often observed on SEM pictures) would consti- 
tute only a shallow rim around the hydrated grain, its thickness would be 
roughly steady and it would remain only apart from the contact zones between 
grains. In the second group the coefficient A would quickly tend to its mini- 
mun value and remain steady. 


These characteristic properties arise from deductions and have not yet been 
checked by direct measurements. Their verification is the aim of this second 
paper. That for,we developed an additional testing program with systematic 
measurement of the hydration degree m by a physico-chemical method. The re- 
sults will verify directly every point involving the hydration degree. With 

K being derived from the hydration degree, hence not affected by the mechani- 
cal properties observed, if the strength still follows the given law for R. 
it will prove the validity of the chain m=>K~<=n <>R-. 


Experimental 
The mixing cement-water ration is represented by y = = (c and e being the 


involved volumes of cement and water). y is always smaller than IT owing to 
water lost by bleeding. With the same cement as for the previous tests we 
decided to examine eight values of y : 0.40 - 0.42 - ... 0.54 corresponding 
to the range of pastes molded in the usual manner and hardening times ranging 


from 4 days to several months. 


Samples and their preparation 


the same day and under the same conditions a specimen (32 x 16 x 7 cm?) 
is molded for each value of y considered. In their mold, all of them are cove- 
red with a lcm thick layer of water and lef overnight hardeningina room at 
20°C. It is most important to make sure that during these first hours all spe- 
ciments are exactly under the same conditions of temperature and ventilation. 
A specimen less ventilated showed a hydration degree quite higher than the 
others and many comparisons were then useless. The next day each specimen is 
removed from_its mold and cut under raining water into as many prisms of 

5 x 5 x 7 cm3 as there will be different times of hardening. Their densities, 
from which I is derived, are measured by hydrostatic weightings. While al] 

are immersed inside the same water tank at 20°C, it is take care that each of 
the prisms be surrounded in similar fashion by immersion water. Immediately 
before the mechanical test, from the concerned prisms, 10 cylindrical cores 

20 mm in diameter and 60 mm high are drilled. Their ends are grinded. All this 
preparation takes place, of course, under raining water. From the cuttings 

of the cores, three samples of about 6 grams each, as representative as pos- 


sible, are kept for determining the hydration degree. 
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Measurement of the strength R_ 





The compression test is performed at a stress rate of 30 MPa/minute and the 

Specimens are tested while wet. Their slenderness, at a value of 3, ensures 

that the measured strength is not altered by the plates restrain. Each value 
of Ro is obtained from the results of 10 sample tests. 


Measurement of the hydration degree 


This is based on the measurement of the quantity of non evaporable water. We 
followed a method established and tested by J.L. Gallias (2). Kept in water 
until the last minute, the sample, is surface dried and placed immediately in 
a stove at 115°C for 24 hours. Then it is weighted with an accuracy of 0.001g, 
calcinated in a kiln at 1000°C for 1 hour and weighted again. This technique 
avoiding crushing, eliminates an important factor of scattering and allows a 
much easier handling of the samples. Compared to another method (3) in which 
the sample is crushed and the evaporable water extracted at room temperature 
by acetone washing, the present method gave very similar results. 


These measurements give the ratio E,/C of the non evaporable water to the 
we. anhydrous cement. The hydration degree is derived from the relation 
h 


» with (E,/C) 109 being the water necessary for total hydration 





ln 

EH!) 100% 
of one gram of cement. 
The only measurable value of (E,/C) 100: is actually (E,/C)..- For the cement 


and the method used, this value was established from a series of eight pastes 
of T < [. hardened in water between 4 and 15 years. This series of measures 


was made” three times. The most frequent result was 7, 21,5%. Two paste 
e 


blocks, sufficiently large and nomogenous were selected to be used as stan- 


dards of 100% hydration. These pastes were 10 years old. 


From these bases, the test was conducted in the following manner : in order 
to avoid any shift in comparisons, at each step all the samples (3 for each 
value of [ and for each standard) are processed together as well in the kiln 
as in stove and hydration degree is calculated by the formula 

Im h* 

nh ; ; ’ 

= h 

m i en From practical experience it was found that, due to the 


very low level of acceptable inaccuracy in this study, this is still not 
enough to avoid all shift. Accordingly only the measurements from the same 


batch can be compared with complete confidence. 


Results and discussions 


The results are presented in figures 1, 2 and 3. We made several series of 
identical tests. In addition we tested a series of specimens from the same ce- 
ment, water cured for 3.5 years ; they can be considered as hardened for an 


infinite time. 

The strength tests are presented on scales of Log Ro and Kr. The strength law 
is then written Log R. = A.(KI) + Log R. - A; if A’= Ct the graph is made of 
Straight lines going “through the point Log R. = Log Ry? Kr = 1. 


Relationship m<>Ke~n<>R_ 


Pastes hardened for an infinite time (figure 1) 


The pastes of [ < I are represented by the results of only one sample. In 
this range of valueS of I our previous results let foreseeing clearly what 
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Results of pastes hardened for an infinite time (3.5 years) 


Should be the evolutions of m and Re , hence a unique point is enough to check 
them. 


The results are in perfect agreement with what was expected. For [ »T_ the 
hydration degree decreases when I. increases, the zero capillary porosity of 
all these pastes corresponds with Kr = Ct = 1. For [ < I, the hydration degree 
seems stabilized at 98.5% =~ 100% ; the non-zero mane tient porosity corresponds 
with KI « l. 

This confirms, for infinite hardening time, the validity of the calculation 

of m and K and the relation n = 1 - KT. 


Pastes hardened for finite times (figures 2 and 3) 


On the graphs Log R_ = f(KI) the experimental data are not scattered in the 
entire plane but aSthered around the line of a simple curve, a straight line 
or parts of straight lines, as expected. 


Our conclusion is that the value of the porosity used was realistic. According 

- the definition of K and its calculation from m and K_, the porosity whose 
alue n = 1 - KI is realistic can be nothing but the capil llary porosity. On 

the other hand, the good agreement between experimental results and results 

expected theoreticaly confirms the validity of the relations Rane sh 

for finite hardening times. 


Characteristic properties of the first and second groups 

Figures 2 and 3 illustrating relation m = f(I) show clearly that the pastes 
can be separated into two groups whose characteristic properties are those 
expected for the first and second groups. In the second group (I 2T,-(t)) it 
is found that the hydration degree decreases rapidly when I increases and 

in the first group (I < I,-(t)) the hydration degree seems steady ; it appears 
definitely constant when pastes of series 2 hardened for 4 to 7 days are 
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FIG.2 - Results of series 1 
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considered. The value of Kf associated with the boundary between the first 
and the second group and determined from the graphic data of figures 2a and 
3a, is found to be constant, equal to ( SF - 0.85. The corresponding value 
of capillary porosity is unique, Ne 15% 


This confirms without any doubt the characteristics of the first and second 
groups which are the basis of the proposed model. Beyond that it confirms, 
for a given cement, the unicity of the relation capillary porosity «~geome- 
tric characteristics of the hydrated grains assembly. 


Valt ue of A 


It is represented by the slope of the curves Log R. = f (Ki). The results agree 
in confirming that, in the first group for a given hardening time, A is cons- 
tant. On the other hand, they oppose the following points, as the series 1 
shows that A changes little with the hardening time and has a decreased value 
in the second group, the serie 2 shows that A decreases when the hardening 
time increases and that its value is not changed by going from the first to 
the second group. 


Others series of tests not presented here as well as the results of 

F. Cuevas-Cancino (4) show that generally, the value of A is not changed by 
going from the first to the second group and decreases little when the har- 
dening time increases. 


This different behaviour observed between series 1 and 2 remains unexplained. 
It cannot be caused by asystematic measurement error on m in one of the cases 
because, for both series, the procedure was strictly identical. For each 
hardening time, all the samples were handled in a single batch. From one 
batch to another we were careful to systematically place all samples (same 
value of [) at the same location in the same stove and in the same kiln. One 
must conclude that this type of measurement, despite all the care taken to 
eliminate the scattering factors, cannot give a final answer regarding the 
changes of A. However it seems likely that in the first group A decreases 
when the hardening time increases but that its value steadies out quite fast, 
after two months, at its minimum value. In the second group, due to the 

range of the domaine of pastes made in classical fashion (0.42 « y «< 0.55) 
figure 3b shows that one can usualy consider A = Ct = A minimum. 


Unicity of K. and R 
=-—-—_—g--——0 


directly tied to the micro-structure of the hydrated paste as well as 

chemical composition. Thus it is very likely that any modification of 

be accompanied by a modification of K and vice-versa. S. Brunauer, 
g 


LUU 


J. Skalny, I. Odler and M. Yudenfreund (5) have shown that the computation of 


: : En/C Ot ; 
tne nydration degree from tne ratio m “(17O) is valid as soon as hardening 
\oh x 


time is longer than one day. This implies that for all hardening times concer- 


a , - fe U0) . rae * 
ned in this study (E,/C) 199 Gt (E,/C).> which in turn yields Ka Ct 


\ 


‘g ©). Our resultsdo confirm this only for the paste f = 0.55 hardened for 5 
months (figure 3). Indeed, if the values of Kg and (E,/C) y 99 used are realis- 
tic, for every paste with a zero capillary porosity we have KI = 1. This is 
confirmed for the pastes hardened for a infinite time since we used as a base 
<q) and (E n/ ©) 100% = (Ey /C). This is also confirmed for the paste 
- 0.55 hardened for 5 months ; it can be seen on the graph m = f(T) of fi- 
gure 3 that the paste has reached its final hydration degree corresponding 
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with a zero capillary porosity. The associated value of KI, read on the graph 
Log R. = f(KI), is actually equal to 1. More, considering finite times of har- 
dening, the fact that testing two different series we found six times KI'-=Ct 
cannot be own to hazard. One can thus conclude that for hardening times longer 
than a few days Ka = C(t = Ka(>). 


If the values of Kg and (E,/C) 1992 are realistic, the ordinate corresponding 


to Kr = 1 is R., readable on the curves Log R, = f(KI). The proposed model 


makes us expect Ro = (t = Ridin Our results (figures 2b and 3b) show that, 


in spite of all experimental care, we do not find a unique value of R.. On the 
one hand, for hardening times longer than 28 days, as expected, 

110 MPa « R. «< 130 MPa. On the other hand, for hardening times less than 14 
days and for pastes of the first group R. is much higher, especially for the 
younger pastes, 140 MPa < R. « 190 MPa ; to this high value of R. corresponds 
a high value of A. If we actept the possibility of such a variatfon in R » ¥t 
cannot be tied to hydration degree owing to a strength of the anhydrous Bart 
eventually higher than that of the gel. Indeed although the pastes hardened 
for an infinite time and with f 2 I. show hydration degrees which cover the 
entire range of hydration degrees Pobserved with pastes of the first group 
between 4 days and infinite time, their measured strengths always are bet- 
ween 100 and 130 MPa. This higher value of R. during the first days can be 
explained by the influence of ettringite, it? large and longcrystals bridge 
the grains over the mass of CSH. The associated contacts, necessarily less 
numerous, are consistent with a higher value of A. The portlandite in large 
crystals, more frequent when the hydration is not hindered, i.e. for young 
pastes and low values of | may have an effect in the same direction. 


Second group 


We have seen that the strength law applies to pastes of the second group. We 
also have noticed that the type of tests considered does not allow to obtain 
a final information about the value of A. 


K_ being considered as constant, the value of K is entirely represented by 

the value of the hydration degree m. Its evolution as a function of I is 
Shown in figures 2a and 3a. We will not go beyond this graphical representa- 
tion and will not propose an empirical equation which would be simply a little 
translation of the observed results, without logical support 





Conclusion 


The proposed strength law, under its general form R. eiiccee Uae. is confirmed 
for all hardenina times and all values of I. 


Are also confirmed the basic elements of the micro-structure model, they can 
be stat2d as follows : 

- the essential parameter on which depends the compressive strength of APC 
pastes is capillary porosity, 

- the capillary porosity is related biunivocally to the hydration degree by 
means of the swelling K of the hydrated grain and the initial composition I 

of the paste considered, i.e. n<»Kl—=K~<=>m ; the uniqueness of this relation 
is tied to the uniqueness of K, and (E,/C) 199 3 


- the characteristics of the first and the second groups are : 
first group : m = f(t) 
second group : m = f(t,l) 
boundary between the first and the second groups characterized by n 
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These tests also have shown that it is interesting to measure systematically 
the hydration degree and to report the results of the mechanical tests on the 
graph Log Rc = f(KI). This frees from considering the hydration rate, hence it 
makes possible to compare pastes which, at given age, have had different 
histories, this is the case of pastes of the second group. This method also 
allows finding, for each hardening time considered, the theoretical values of 


, our results show that the proposed evolution of A and the unicity of 
_ must be shaded. But the scattering of the results, even reduced to 


Cid? 


minimum, does not allow a final answer. 
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ABSTRACT 
From an extensive petrographic investigation of concrete samples 
suffering from alkali-silica reaction, it has been hypothesized 
that a deliberately introduced air-bubble system will reduce ex- 
pansion due to alkali-silica reaction. The above hypothesis has 
been tested using mortar bars made from 35 sand types of differ- 
ing degrees of alkali-silica reactivity. The results show that 
on the average the introduction of 4% air decreased the expansion 
by about 40%. A petrographic examination of mortar bars has shown 
that in the case of reactive sand the air-bubbles tend to get 
filled up by gel, but the air-bubbles remain empty in the case of 
unreactive sand. It has also been noted that this filling up of 
the air-bubbles will decrease their effectiveness in a freeze- 
thaw environment. 


Introduction 


From recent reports it will appear that alkali reactive aggregates are much 
more widely distributed than once thought. Damage to concrete structures due to 
alkali-aggregate reaction has been reported from countries such as England which 
was once thought to be free of reactive aggregates. This widespread reporting 
is partly due to the economic necessity of utilizing second-best quality local 
aggregates and to the increasing trend in fuel-saving practices of the cement 
plants which in turn has lead to a rising alkali content of cement. On occa- 
sions, considerable saving could be made if slightly reactive local aggregates 
could be utilized instead of imported, better quality aggregates; this is par- 
ticularly so for fine aggregates, i.e. sand. 


In the course of an extensive petrographic investigation of concrete cores 
taken from structures in Denmark, it has been observed that a reactive sand 
grain when present adjacent to an air-bubble may not cause any damage to its 
Surroundings in spite of it being heavily reacted. It has also been observed 
that in such cases the air-bubbles are partly or fully filled with gel. From 
these observations it was hypothesized that a debliberately introduced air- 
bubble system, such as is used to improve the performance of concrete structures 
in a freeze-thaw environment, may reduce the expansion of structure undergoing 
an alkali-silica reaction. 31] 
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In Part I of this series, attention has been drawn to the fact that the 
alkali-silica reaction may be accelerated by an increase in the alkali salt con- 
centration. This increased alkali salt concentration may be achieved either by 
a migration from an external source or by an internal migration. An accelerated 
method has also been proposed both to detect the potential reactivity and to 
grade different aggregate samples in order of their potential expansivity (1). 


The proposed method has been utilized to test the hypothesis of the reduc- 
tion of alkali-silica expansion due to a deliberate introduction of air-bubbles. 
In this investigation the same 35 sand samples, which were investigated in Part 
I, have been utilized. In fact both the investigations were formulated and car- 


ried out simultaneously. 


Materials and the Experimental Techniques 


Sources of sand types varied from sea-dredges through land-based to terti- 
ary sand sources. From each of these sources the sand fraction passing a 4 mm 
sieve was collected. Ordinary Portland cement of Danish origin was used to make 
mortar bars from the above sand types. A single lot of neutralized vinsol resin 
solution was used as an air-entraining agent. 


Using the above materials, two batches of 1:3:cement:sand mortars were made 
from each of the sand types. In one of these batches sufficient vinsol resin 
was added to entrain about 10% air by volume. The effective water/cement ratios 
were 0.46 for the air-entrained mortar and 0.5 for the other. The air contents 
of both the batches were measured. From each of these mortars several 40x40x160 
mm prisms were made, cured and treated for the measurement of their expansivity 
due to alkali-silica reactivity following the procedures already described (1). 
In this investigation length changes were measured up to 8 weeks by which time 
the major part of expansion had occurred. At the end of the expansion measure- 
ment selected prisms, both with or without air-entrainment, were used for petro- 
graphic examination. 





Results and Discussions 


The measurements of air contents showed that the mean air content of the 
air-entrained mortars was 9.3% with a standard deviation of 1.13; those of non- 
air-entrained mortars were 5.3% and 1.15, respectively. The petrographic exam- 
ination showed that in the air-entrained mortars air was in the form of fine 
bubbles, and in the non-air-entrained mortars air was in the form of coarse air- 
voids. It has to be noted that in air-entrained mortars the number of air-bub- 
bles, due to the smaller sizes, were higher and hence had a higher probability 
of finding themselves in the vicinity of reactive grains than in non-air-en- 
trained mortars. 


The expansion data of both air-entrained and plain mortar bars have been 
plotted in Fig. 1 along with the correlation line and the line of equality. 
Figure 1 indicates, and the correlation line confirms, that on the average the 
expansion of an air-entrained mortar is 0.65 times that of the plain mortar. In 
other words, the introduction of about 4% air has decreased, on the average, 
the expansion by about 40%. This decrease may on occasions allow for the use of 
a local slightly reactive sand instead of an imported non-reactive sand. In any 
case, air-entrainment may be used as an additional safeguard whenever alkali- 
reactivity of sand is suspected. 


Figures 2 and 3 show the representative states of the air-voids in mortar 
bars made with non-expansive and expansive sand after their salt bath storage. 
Figure 2 shows that the air-voids of mortar made with a non-expansive sand re- 
mained empty; however, Fig. 3 shows that the air-voids of the mortar bar made 
with expansive sand is at least partly filled with a gel-like material. It is 
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EXPANSION (WITH VS. WITHOUT ENTRAINED AIR) 
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| FIG. 1 
Expansions of mortar 
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reasonable to assume that the venting of the expansive gel in the air-voids will 
relieve a part of the expansive force and hence will cause less expansion and 
damage as has been found in the mortar bar expansion test. 


It is perhaps in order to draw attention to another aspect of this filling- 
up of the air-voids. There is a general suspicion in Denmark that an entrained 
air-void system is not as effective, in a freeze-thaw condition, as has been 
claimed by workers of other countries. This suspicion seems to be well founded. 
Many of the Danish sand sources contain reactive particles. In air-entrained 
concrete made with reactive sand a part of the air-voids will tend to get filled 
up by a gel-like product whenever some alkali-silica reaction occurs. This fill- 
ing-up will, of course, reduce space available for water to enter in a freeze- 
thaw condition and hence reduce the effectiveness of the entrained air-void sys- 
tem. It may be advisable to increase the entrained air-void from its usual value 
of about 5% when using an expansive sand; the actual increase needed will, of 
course, depend upon the expansivity of the sand and has to be determined experi- 
mentally. In this connection attention may be drawn to other pore filling pro- 
cesses. It is known that calcium hydroxide, ettringite, monosulphate, either 
Singly or jointly, may form in voids (2,3). This filling up of air-voids will 
also reduce their efficiency. 
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ABSTRACT 
Autogenous or self-healing of the interfacial bond between steel 
fibres and a cementitious mortar matrix has been examined 
experimentally using water-cured, single-fibre pull-out speci- 
mens. The test results indicate that the extent of the inter- 

facial hond healing which occurs is greater than that observed 

for fractured plain mortar or concrete similarly cured. 







Introduction 













Autogenous or self-healing has been found to occur in reinforced as well as 
plain cementitious materials. Munday et al. (1) in their paper on autogenous 
healing of different concretes note that Abrams first showed in 1913 that self- 
healing of bond failure in reinforced concrete can take place. Gilkey et al. 
(2) observed that bond test specimens subjected to moist curing conditions after 
being loaded to failure regained much of their initial bond resistance, and in 
some cases gave retest bond strengths exceeding those of the original test, 
whereas there was no bond recovery in specimens which were not exposed to 
moisture in the period between tests. Hannant and Keer (3) recently reported 
that cracks in polypropylene fibre-reinforced mortar specimens healed during 
exposure to natural weathering conditions, the fibres contributing to this 
process primarily by holding the cracked surfaces tightly together. 













Autogenous healing of the fibre/matrix interfacial bond in steel fibre - 
cementitious mortar pull-out specimens was examined as part of a larger test 
program on the effect of matrix curing conditions and time on the development of 
interfacial bonding in this composite system, the results of which have been 
previously reported (4). 









Experimental 









Details of the materials, specimen types and dimensions, curing methods and 
times, and test procedures used have been presented previously (4). For the 
autogenous healing study, one pull-out and one compression specimen out of each 
of the three batches cast were selected from those cured in water and first 
tested at 7 and 28 days. The specimens were loaded in the normal manner at 
first, but the load was removed as soon as failure occurred rather than being 
continued past this point as for the other specimens. They were immediately 
reloaded at the same rate, and the load was again removed as soon as failure 
occurred for the second time. After testing, these specimens were returned to 
the curing container for storage until the next test age. 
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Results and Discussion 





The test results for the autogenously healed pull-out and compression 
specimens have been "normalized" by dividing them by the appropriate mean value 
for all of the specimens first tested at 28 days (4) and are presented in this 
form in Table 1. A typical pull-out load versus time pattern for the 
interfacial bond test specimens is shown in Fig. l. 


TABLE 1 


Normalized Autogenous Healing Test Results 





Mix 7 days 28 days 90 days 


Num ber 
Initial Second Initial Second Initial 
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Typical Pull-out Versus Time 
Pattern for Autogenous Healing Test 
Specimens 
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In assessing the test results reported in Table 1, the extent of autogenous 
healing is properly gauged by comparing the “initial” strength value for a 
specimen at a given age with the “second” strength value at the prior 
age. These results show that at 28 days the average values (initial and second) 
of the apparent interfacial bond shear strength for the pull-out specimens first 
tested at 7 days and "healed" between 7 and 28 days are higher than those for 
"fresh" specimens first tested at 28 days. The apparent bond strength for these 
"7-day" specimens increased by a factor of approximately 3 (1.76/0.58) between 7 
and 28 days, and further increased by a factor of approximately 1.7 (2.49/1.45) 
on healing between 28 and 90 days. At 90 days, these specimens had higher 
apparent strengths than those first tested at 90 days and than those first 
tested at 28 days and healed between 28 and 90 days, even though the apparent 
bond strength for these "28-day" specimens increased by approximately 2.5 
(2.17/0.88). It is evident from these results that up to an age of 90 days, the 
increases in pull-out resistance that can be obtained as a consequence of auto- 
genous healing in water-cured specimens are greater than the increases resulting 
from continuous curing under the same conditions. 


The compressive strength specimens showed some healing between 7 and 28 
days, but on average the healed specimens did not fully recover to the strength 
of the "fresh" specimens first tested at 28 days. Furthermore, for the 
specimens first tested at either 7 or 28 days, little or no healing took place 
between 28 and 90 days. These results are considerably different from those for 
the companion pull-out test specimens as well as from those reported by Munday 
et al. (1), who found that full recovery of compressive strength to values equal 
to or greater than those of corresponding fresh specimens is possible at these 
later test ages. It is thought that these discrepancies in the compressive 


strength test results are due to the lower degree of control exercised over the 
extent of fracturing in the specimens during the initial loading sequence. 


Conclusions 


Although the experimental data are limited, they do indicate that auto- 
genous healing of the interfacial hond between steel fibres and a cementitious 
mortar matrix does occur under continued water curing conditions and that the 
extent of this healing is greater than that for fractured plain mortar or 


concrete. 
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ABSTRACT 
Compressive strength, pore size distribution and total pore volume of v7 
cement pastes cured with high hydrostatic pressure were examined. Com- ae 
pressive strength (S) of paste cured with high hydrostatic pressure (P) 5 
is shown in the following formula: S = a+: logP + b. Compressive 
Strength of paste having total pore volume (V) is calculated from the 
following formula: S =c + V+So.. When hardened paste cured at at- 
mospheric pressure is placed in high hydrostatic pressure, the larger 

the strength is, the larger the lowering it becomes. 





Introduction 

















Low temperature-high hydrostatic pressure curing of cement and concrete 
has recently become important in connection with ocean disposal of industrial 
solid wastes solidified by cement or concrete, the development of artificial 
fishing reefs, and the exploitation of the continental shelf. 


In the present study, strength development and pore size distribution of 
cement paste cured with hydrostatic pressure of 1, 50 and 450 kg/cm¢ were ex- 
amined with varying ages. Cement paste cured with 1 kg/cm@ was again cured with 
450 kg/cm@ at 20°C. Satisfactory results were then obtained on the strength 
development and pore size distribution. 


Experimental Method 





Preparation of the Test Specimen 





An ordinary portland cement was used in the experiments. The water to ce- 
ment ratio was 0.3. As shown in Fig. 1, the cement paste was set in a rubber 
Sleeve with an inner diameter of 16 mm, and a wall thickness of 1 mm, having 
two steel disks at the bottom and top. The steel disk at the bottom was stuck 
to the rubber sleeve by gum arabic and the top-steel disk was free in order to 
liberate the air in the paste. The specimen was then put into a bombe and hy- 
drostatic pressure raised at a rate of 30-50 kg/cm@ per minute. 


Curing was provided at. a hydrostatic pressure of 1,50 and 450kg/cmé for 3, 
7, 14 and 28 days respectively. Some specimens were cured with 450 kg/cm@ after 
1 ka/cm@ at 20°C. 
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FIG. 1 


Apparatus of hydrostatic 
pressure-curing. 








-- {Rubber sleeve 


‘*—4)Cement paste Pore Size Distribution 








The pore size distribution and 
Steel disk total pore volume were measured by 
mercury porosimeter. 

















_and Discussion 


Strength Development 


Figure 2 shows the relation between compressive strength and hydrostatic 
pressure with varying ages. The higher the hydrostatic pressure is, the larger 
it becomes. The following formula can be applied to the experimental data. 


>= a * togP + b 


Where S = compressive strength (kg/cm@), P = hydrostatic pressure of curing 
(kg/cm2), and a or b = constant representing age. The constants a, calculated 
with the above formula are 61, 33, 14 and 29, and b are 270, 401, 499 and 566 


for ages of 3, 7, 14 and 28 days respectively. 


Table 1 shows the compressive strength of pastes cured with 450 kg/cm*-cur- 
ing for 27, 21, and 1 day after | kg/cm¢-curing for 1, 7, and 27 days at 20°C 
respectively. It is clear that the longer 1 kg/cm@-curing is, the smaller the 
strength after 450 kg/cm@-curing becomes. Namely, in the case of 450 kg/cmé- 
curing for 1 day after | kg/cm@-curing for 27 days, the strength is decreased by 
87% over that of 1 kg/cm@-curing for 28 days. On the other hand, strength from 
450 kg/cm@-curing for 28 days is increased by about 127%. 





Pore Size Distribution 
The pore size distribution and total pore volume of cement pastes obtained 
from both curing of 450 and 1 kg/cm@ are shown in Figs. 3 and 4 respectively. 
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Table 1] 


Compressive strength of pastes cured with 450 kg/cm? 
after ] kg/cm@-curing. 





Strength Total pore volume 
_ (kg/cm) (cm3/q) 


647 0.087 
632 0.092 
528 0.086 
508 0.104 
583 0.096 








The hydrostatic pressure of 450 kg/cm@ shifts pore size distribution to a small- 
er size and total pore volume decreases. But, as with the 28-day paste, pat- 
terns of pore size distribution of both pastes are similar to each other, al- 
though the total pore volumes differ. 


Total pore volume of pastes cured with 450 kg/cm@ after ] kg/om?-curing, 
is shown in Table 1. With the passage of curing time of 1 kg/cm¢-curing, 
strength decreases, but the total pore volume varies with the curing condition. 


The Relation between Strength and Total Pore Volume 


The results of pastes obtained from hydrostatic pressure of 450 and 1] 
kg/cm2 are shown in Fig. 5. The following formula can be applied to the data. 


S=x- ¥+ 5, 


Where S = compressive strength (kg/cm2), So = compressive strength at zero 
porosity, V = total volume (cm3/g), and c = constant. 


The data shown agrees fundamentally with other experiments (1,2). It can 
therefore be presumed that compressive strength of cement pastes cured under 
various conditions are ultimately controlled by micropore or pore size distri- 
bution, even though obtained from pastes of hot-pressed, pressed and hydrostatic 
pressure. It also seems that the mechanism of hydration under high hydrostatic 
pressure is similar to that under ordinary conditions. Actually, the authors 
confirmed this by other experiments. The hydration of C3S and CoS under high 
hydrostatic pressure is faster than that under atmospheric pressure condition, 
and the hydration of cement paste or mortar under air-pressure is also faster 
(3,4). The hydration mechanism of these materials is similar to each other. 


On the other hand, with pastes cured with 450 kg/cm@ after ] kg/cm@-curing, 
the relation between strength and total pore volume is unlinear. It can be as- 
sumed that the micropore formed under 1 kg/cm@-curing is destroyed by 450 kg/cmé- 
curing and consequently, the pore becomes larger and the pore volume increases 
irregularly. Microcracks will be formed. It may be concluded that when cement 
paste cured with ordinary conditions is placed in high hydrostatic pressure, 
the stronger the strength at atmospheric conditions is, the larger the lowering 
of strength becomes. 





Conclusion 


The compressive strength development of pastes cured with hydrostatic pres- 
sure of 450, 50 and 1 kg/cm@ were measured and pore size distribution of pastes 
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cured with 450 and 1 kg/cm@ were examined. Strength and pore size distribution 
of pastes cured with 450 kg/cm* after curing of 1 kg/cm¢ were also measured. 
The conclusions are summarized as follows: 


1) The relation between compressive strength and hydrostatic pressure of 
curing can be shown by the following formula: 


S =a: logP + b 


2) The relation between strength and total pore volume of pastes cured 
with 450 and 1 kg/cmé are shown by the following formula: 
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FIG. 5 


Relation between compressive 
strength and total pore volume 
of pastes cured with hydro- 
static preree of 450 and 

1 kg/cm¢. 


Oo 450 kg/cm 


A] kg/cm® 


3) When the paste is placed 
in high hydrostatic pres- 
sure, the stronger the 
strength is at atmospheric 
condition, the larger the 
lowering of strength be- 
comes. This is important 
from the viewpoint of 
effective ocean disposal. 0.05 0.10 0.15 
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ABSTRACT 


The preparation method of 8-C2S without stabilizer, 
dration characteristics were studied. 8-C2S is formed whe 


heated at about 1000°C or about 1500°C. The hydration kinetics 
B-C2S produced from a°-C2S is markedly different from that 


phase. Ca(OH)2 is hardly produced in the hydration of §-C2S wi 


Stabilizer. Formed C-S-H has a composition of C/S = 2. 


Introduction 





Dicalcium silicate ( C2S ), occuring in five polymorphs ( 


has very complicated characteristics. And most of the investiga 
various Stabilizers, in order to study the hydration of high 
fications (1,2). B203 is the most popular stabilizer of 

Pashohenko and Starchevskaya(5) and Fierens and Tirlocq(6 

8-C2S, and found that the hydraulic activity changed with 

But the nature of pure C2S has not fully been studied. 

Yamaguchi et al (7) proposed "Y reheating method " and " @ air quenching 
method " for preparing 8-C2S without stabilizer. Korneev and Bygalia (8) syn- 
thesized 8-C2S by reheating y-C2S or by the addition of excess CaO. Yannaquis 
and Guinier (9) , and Chromy (10) found that the 8-y transformation was con- 
trolled by the particle size. Gawlicki (11) synthesized 8-C2S without stabi- 
lizer by restraining the crystal growth. Authors (12) discussed the relation- 
ship between the particle size and the 8-y transformation, after heating Y-C2S 
at 1000-1400°C. 

The present report deals with the preparation methods of 8-C2S without 
stabilizer, and their hydration characteristics , 





S.*Shibatay “et-ai. 


Experimental procedure 





The 8-C2S was synthesized by firing Y-C2S. The Y-C2S was prepared by 
heating a stoichiometric mixture of CaCOs3 and SiO2 at 1500°C for 30 minutes, 
and cooled in air. The prepared y-Cz2S samples ( 5g baches of pressed pellets) 
were refired two times. The result of XRD showed that Y-C2S was the only poly- 


morph present. 


High temperature XRD was measured in order to study phase transformations. 


The y-C2S ( 0.5g baches of pressed pellets ) were heated in platinum 
crucible in an electric furnace at various temperatures ; 1000°C, 1100°C, 1200 
°c, 1300°C, 1400°C, 1500°C each for 10 minutes, 1 hour, 15 hours, 48 hours, 
and were quenched in water. The products were imediately washed with aceton 
to prevent hydration. The products were identified by XRD. And the ratios of 
8-C2S/Y-C2S were determined. The analisis required the construction of a cal- 
ibration curve using synthesized pure Y-CzS for the diffraction line of ( 1 3 
O ) and pure 8-C2S for that of (104). 


The samples were heated at various temperatures ; 1000°C, 1100°C, 1200°C, 
1300°C, 1400°C, 1500°C for 1 hour in order to study the hydration of 8-C2S 
without stabilizer. The samples were ground to the Blaine fineness about 0.5 
m*/g. The specipic surface area was determined by B.E.T. using Kr as adsobate. 


The rate of heat liberation for 24 hours were determined by conduction 
calorimeter. For the conduction calorimeter measurement the samples were hy- 
drated at W/C of 1 at 20°C. 


The experiments of paste hydration were carried out at W/C ratio of 0.5 
at 20°C for 7 days, 14 days, 28 days, 84 days and 168 days. The pastes hy- 
arated were dried under the water vaper pressure of 3 X 10°? mmHg, and identi- 
fied by XRD. The loss on ignition at 1000°C was measureed by TG-DTA, and the 
amount of Ca(OH)2 was determined by D.S.C.. 


Results 


Measurement of high temperature XRD 





When the y-Cz2S sample is heated 


at 10°C/min., the rs. transformation 
is observed to make slow progress at 
the temperature below 1000°C. There is 
no peak of y-C2S at 1000°C. It is nec- 
essary to heat above 1000°C in order 
to form the 8-C2S, otherwise it takes 
long time. The peak of an just after 


the ya", transformation iS sharp and 
there is'no cl 2 i ini 

change in crystallinity eT , 
with time and temperature. Difference 31° 32 31 S22 Bh 32 
in XRD pattern of a“1, and a”, phase is CuKka; 28 
not detected. The a*-o transformation Fig. 1 

. ania. 

makes rapid progress. XRD patterns of a’-phase at 1300°C. 





B-Ca 
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2 


XRD pattern of a phase transformed from @ phase is different from that 

(20°70: } 

heated from y-C2S. The main peaks (112) (130 of a phase at 1300 
e225) 

°C are illustrated in Fig. 1 ; (a) the sample heated from y-C2S, (Bb), te}; 

(d) the sample cooled from a phase. The main peaks of a°phase from qa phase 

Ghanges irregularly as seen in Fig. 1 - (c), (dad), while a” phase from y 

phase shows a stable pattern as Fig. 


Change in the amount of 8-C2S with heating temperature and heating time 





The ratios of the $-ytransfor- 
mation were determined by XRD in the 
heated Y-C2S samples. Figuar 2 pre- 
sents the ratios of transformation 
with time for samples heated at 1000 
"GC, LL200°C,-1400°C and’ 2500°%C:. The 
amount of Y-Cz2S is less in samples 
heated at 1000°C and 1500°C, and 
shows a little change with time, 
whereas in the case of sample heated 
at 1200°C Y-C2S increases with time. 
The sample heated at 1200°C for 48 
hours has maximum value than others. 
But the sample heated at 1400°C 
shows a different trend. The amount vy/(8+Y) ,with heating time of y-C2S. 
of Y-C2S is maximum at 1 hour and 
decreases with time, and at 48 hours 
it is similar to that of heated at 1000°C. When the Y-C2S 
°C or 1500°C, the B-c2S is formed as a single phase. 














Change in ratio of transformation, 


Table 1 shows the B.E.T. Specific surface area and the Blaine fin 
of the obtained 8-C2S. The Kr surface area of the sample heated at 
larger than those of 1000-1400°C, suggesting that its microstructure 
ferent from the others. 
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hydrated 





the heated at 1500°C the 

loss on ignition increases ac- Fig. 4 

tively up to 7 days, and is Change in Ignition loss and amount of 
about 12%, however it becomes Ca(OH) 2 with the progress of 8-C2S 
very slow after 28 days and is hydration. 


about 20% up to 168 days. In 

the case of 1000°C it makes a 

little change in the beginning, 

and after 14 days increases rapidly, and is about 20% up to 84 days. 
it hardly increases after 84 days. 


In the hydrated paste of both the samples heated at 1000°C and 1500°C, the 
iount of Ca(OH)2 is very small, and is below 1% up to 168 days. In 1000°C 
1 2(OH)2 is hardly detected up to 14 days, and is about 0.1% up to 168 
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Discussion 


Preparation of 8-C2S without stabilizer 





As above mentioned, when the y-C2S are heated 
1500°C ( above the o-a’ transformation temperatu 
ture is formed as Single phase. 


When the Y-C2S are heated at 1000-1400° the 8-y transformation depends 
on the particle size of B-C2S. In = pea peated at 1000°C the amount of 
Y-C2S is less on account of a little particle growth. he » report- 
ed elsewhere (12). 


The sample heated at 1500°C differs from those of 1000-1400°C, the amount 
of Y-C2S is less and is not concerned with the heating time and the particle 
size. XRD pattern of a’ phase cooled from @ phase is not stable, while that 
heated from Y phase shows stable pattern. <r surface area (Table 1) of 1500°C 
Sample is larger than others. This must be related to Groves’s observation 
(13), on C2S containing C¥203. Groves (13) reported that 8-C2S formed from o- 
C2S had a complicated domain structure within an original © grain. Local elas- 
tic strains and in some cases dislocations are also present at twin domain 
interfaces. 


Hydration of 8-C2S without stabilizer 





Hydration kinetics of 8-C2S is affected by thermal history. The hydration 
of 8-C2S produced from O-C2S proceeds actively at ants stage, and becomes very 
slow at latter stage. In the case of 8-C2S formed a’ phase, it hydrates slowly 


in the beginning, but rapidly latter. 


The amount of Ca(OH)2 is very less in the hydrated pastes of both the sam- 
ples heated at 1000°C and 1500°C. Fujii et al (3) reported that the C-S-H pro- 
duced in the hydration of 8-C2S stabilized 0.2wt.% of B203 had a composition of 
C/S ratio =1.80. Kantro (4) mentioned that the C-S-H produced in the hydration 
Of B-C2S with a few stabilizer had cation/anion ratio of 1.83. In the hy- 
dration of B-C2S without admixture in this study reacted about 80% after 168 
days, and the amount of Ca(OH)2 is below 1%. Therefore C/S ratio of produced 
C-S-H is nearly 2. The hydration of 8-C2S without impurity is markedly dif- 
ferent from that of 8-C2S with stabilizer. Further detailed study must be 
carried out. 


Conclusions 


B-C2S/Y-C2S ratios were determined in the Y-C2S samples heated at 
1500°c for 10 minutes-48 hours in order to establish a suitable method 
paration of 8-C2S without stabilizer. These samples were hydrated to know 
their hydraulic activities. Results obtained are as follows; 


8-C2S without admixture is formed as a single phase, when y-CoS is 

heated at about 1000°C, or at about the a-a~ transformation temper- 
- Oi. 

ature; about 1500 C. 


There is large difference between the hydration kinetics of 8-C2 
formed from &° phase and that from a phase. 
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Ca(OH)2 is hardly in the hydrate of 8-C2S without stabilizer. Pro- 
duced C-S-H has a composition of C/S = 2. 
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ABSTRACT 
Tests were performed on miniature, thin-wall, hardened cement paste 


specimens; specimens under load were dried at various rates, re-wet 
and then unloaded. Deformation was monitored throughout. Appropriate 
control specimens for shrinkage/swelling, basic creep and weight change 


were also tested. Relationships between moisture loss, shrinkage and 
wetting creep were obtained. It was found that, like shrinkage, the 
magnitude of drying creep is independent of rate of drying. Also, 
drying creep bears a linear relationship to concomitant shrinkage 

over a wide range; similarly, wetting creep is linearly related to 
swelling. Drying creep and wetting creep are completely irrecoverable. 
Discussion centres about the significance of the results with respect 

to the prediction of creep strains when environmental conditions change; 
results suggest it may be possible to develop prediction equations 
which are not overly complicated. 


Introduction 


Recently, tests have been reported on the shrinkage behaviour of small, 
hardened cement paste (hcp) specimens when dried from 100 to 53% relative 
humidity at various rates (1). There, it was found that the magnitude of 
shrinkage strains when specimens reached equilibrium at 53% rh were indepe- 
dent of the rate of drying; it was concluded that small specimens can be used 
to examine the unrestrained response of the material and that if specimens 

are dried or wet while under load, the extra creep component which is observed 
-- 'drying creep' (egc) or 'wetting creep' (ewc) -- is a property of the 
material; it is not due to spurious influences (such as microcracking) caused 
by internal moisture gradients. 


Figure 1 shows a typical test to determine drying creep. Drying creep at 
time t2, egc=ed-epc-es where eg= total time dependent strain during the 
moisture change, ebc= basic creep which occurs in a non-drying control speci- 
men during the time of moisture change, and e,= the concomitant shrinkage 
which occurs in a non-loaded control specimen. An analogous situation exists 
for wetting creep: eCwc=ew(total strain during wetting)-ep,(basic creep)-ecy 
(swelling). 
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A relationship has been identified between the magnitude of excess strain 
(Ae, see Fig. 1) which occurs after the humidity change and the magnitude of 
concomitant shrinkage or swelling 
RINKAGE strain in a companion unloaded 
seciatenal specimen (2,3). Gamble and Parrott 
aPEC A. SPEC C (3) tested concrete, and obtained 
an excellent linear relationship 
between Ae and shrinkage or swelling. 
Since egc=Ae-es, a Similar linear 
relationship exists between shrinkage 
and drying creep (or between swelling 
and wetting creep). 


- LOADED, DRYING 
H 


-S 
-B 











These results are important from a 
practical viewpoint in that drying 
creep may be predictable from known 
shrinkage behaviour. They also 
infer that there may be a common, 
fundamental, process which relates 
FIG. 1 drying creep, shrinkage and basic 


Definition of Strain Components creep. 


Because the trends which have been 

reported are important from both the 
fundamental and practical viewpoints, it was decided to study further the 
relationship between shrinkage and drying creep. In a parallel investigation 
to that described in (1), the effect of rate of drying on the magnitude of 
drying creep was examined. Because small hcp specimens were tested, the 
connection between shrinkage and drying creep could be investigated over a 
much greater deformation range than that established by Gamble and Parrott 6), 
who tested concrete. The test programme was also extended to examine the 
wetting creep vs. swelling relationship. 








Experimentation 





Miniature, thin-wall, hardened cement paste specimens were subjected to 

various regimes of loading, drying and wetting. The test programme is outlined 
in Figure 2. 

The humidity reduction was always between 100 and 53% rh, but specimens were 
dried at different rates for each of tests 1, 2A and 3. In test 2B specimens 
were subjected to a second humidity cycle before they were unloaded; other- 
wise, this test was identical to test 2A. 


time dependent strains were monitored. Three control specimens remained 
unloaded and shrinkage and swelling strains were measured. Three others were 
used to measure weight changes during the drying and wetting cycles. In 

general, results which are given in this paper are the means of three replicates. 


For each test, 9 specimens were used. Three were loaded and immediate and 


The magnitude of basic creep is required in order that drying creep can be 
determined from the total strain curve (Fig. 1), so a fourth test (not shown 
in Fig. 2) was performed to measure the basic creep response of saturated 
specimens. Five specimens were loaded at 75 days of age and basic creep 
measurements were taken; to determine the development of irrecoverable creep 
with time, the 5 specimens were unloaded individually after periods under load 
of 7, 21, 35, 50 and 64 days. After unloading, recovery was monitored for 

at least 7 days; recovery was assumed to be complete when the strain rate 
dropped below 10 x 10-®/day. 
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Test details 





Materials, equipment and test procedures have been described in detail else- 
where (1,4,5); a summary of the key aspects of experimentation is given below. 


Specimens: 100 mm long, thin-wall, slotted hcp specimens were used; the cross- 
sectional dimensions of these specimens are shown in Figure 3. They were 
prepared from larger slabs by cutting with a diamond-impregnated saw blade. 


Slabs were cast with an original water-cement ratio of 0.47; distilled water 
and ordinary portland cement were used. To produce a homogeneous product, the 
slabs were slowly rotated during hardening. After demoulding, during cutting 
and during storage until the start of tests at age 75 days, specimens were 
kept in saturated limewater. 


Load application: Specimens were loaded by means 
of miniature, hydraulically controlled, creep- 
rigs (4). These rigs allowed the application 

of a constant axial compressive load; at the 
same time, their small size permitted a simple 
and economical design of the humidity control 
system. 








All specimens were loaded to an applied stress 
of 11.6 MPa, corresponding to a stress/strength 
ratio of 0.3. Load application was rapid; 10 
seconds after the start of loading was defined 
as the point at which creep strain commenced. 
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Deformation measurement: Invar rods (3 mm 

diameter) were attached to the ends of the PIG 

specimens which were to be loaded. Since the main 
é : : Cross-section of slotted 

creep-rig was designed to provide access holes 





hep specimen 
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through which the rods could freely pass, deformation was measured by 
monitoring the change in distance between the ends of the two rods (4). Each 
specimen for shrinkage/swelling was mounted in its own comparator; the change 
in length of each specimen was measured directly from its ends. 

Transducers were used to measure deformation; they were accurate to 5 micro- 
Strain. Each specimen had its own transducer. 

Environmental control: For each test, the nine specimens were assembled in 

a single glass chamber. Soda-lime was placed in the chamber to prevent 
carbonation. Appropriate relative humidity and temperature probes were used 


to monitor environmental changes. 





A dynamic method of relative humidity control was adopted; air, after being 
bubbled through a drying agent, was pumped through the chamber and then was 
returned to the drying agent for re-conditioning. 

The medium drying rate (test 2A and 2B) was accomplished simply by changing 
the drying agent from water (i.e. no drying) to a saturated magnesium nitrate 
solution to give, at equilibrium, a relative humidity of 53%. 


Slow drying (test 3) was similar to medium drying, but the concentration of 
the magnesium nitrate solution was increased in increments from zero at the 
start of the test to full saturation at the end, when the 53% rh equilibrium 
point was attained. The rate of increase of the concentration of the salt 
solution could be varied to suit the required drying rate. 

For fast drying (test 1), the initial 70% of the expected water loss (between 
100 and 53% rh) was very rapidly removed from the specimens by passing the 
circulating air through phosphorous pentoxide and silica gel. At the appro- 


priate time, these drying agents were exchanged for a saturated magnesium 
nitrate solution. At this point, the rate of drying slowed substantially and 
the specimens tended towards their final 53% rh equilibrium moisture content. 


All specimens were rewet by circulating saturated water vapour through the 
tanks. This is different from the tests reported in reference 1 where speci- 
mens were placed directly over water. The period of rewetting was fixed at 
21 days. 
Temperature was held constant at 24+1°C throughout the programme. 

Results and Discussion 


Figure 4 shows the moisture loss vs. time curves for the three drying rates 
which were used. Similar tests on slotted specimens, but dried at different 
rates, have been reported (1); these results are also included in Figure 4 
for comparison. Figure 4 and inset show that for the drying creep analysis 
an even wider range of drying rates than for the drying shrinkage analysis 
(1) was achieved. 

In the material to follow, deformation is expressed as micro-strain (); 
moisture content and moisture change are expressed as a percentage of the 
total evaporable water content of a saturated sample. The three drying rates 
which were used are denoted FD (fast drying), MD (medium drying) and SD 
(slow drying). 


Shrinkage/Swelling Behaviour of Control Specimens 





Table 1 summarises the equilibrium shrinkage strains for slotted specimens 
when dried from 100 to 53% rh. Despite a wide range of drying rates, dif- 
ferences in es are not large; the present results support the conclusion that 
the magnitude of shrinkage is independent of rate of drying (1). 


Despite differences in age at the start of drying between specimens used here 
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FIG. 4 
Moisture Loss vs Drying Time (slotted hcp specimens) 


TABLE 1 
Drying Rate vs Equilibrium Shrinkage Strain 


Max. Shrinkage Total Shrink. % Irrecoverable 
Rate wu/hour to 53% rh Strain 

Fast Drying 

Medium Drying 


Slow Drying 


Fast Drying, ref. 1 


Slow Drying, ref. 1 


(82 days old) and similar slotted specimens used in reference 1 (150 days old), 
the variation in shrinkage is quite small; the coefficient of variation for 

es is 10%, with a mean value of 4030u . 

Figure 5 shows the shrinkage and swelling vs moisture loss relationships for 
the fast and slow drying rates. These curves are typical of all tests both 
here and in reference (1) insofar as an approximate bi-linear relationship 
exists for both drying and wetting. 

Note that for slow drying (and also for medium drying) 21 days resaturation 
was not sufficient to obtain equilibrium at 100% rh. Previous longer term 
tests (1) indicated that swelling could be assumed to be complete when all 

but 2% of the initial moisture loss had been regained. Therefore, to obtain 

a value for irrecoverable shrinkage (ejyr), swelling results were extrapolated 
to 2% moisture loss. 


First drying creep 


Figure 6 shows the total deformation curves for fast and slow drying. The 
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FIG. 5 
Shrinkage and Swelling vs Moisture Change 
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Total Strain vs Moisture Loss 
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magnitude of drying creep can be extracted if total strain is divided into 
‘ ORR, Taye ‘ aa z ; ti 
its components as shown in the figure CE= dct gtepe tp] te; - Wetting 
creep can be obtained in a similar manner to drying creep. [for the three 
drying rates, the drying and wetting creep vs. moisture change is shown in 
Figure 7. 
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Drying and Wetting Creep vs Moisture Change 


An important aspect of these results is that the equilibrium value for drying 
creep (pts. marked 'E' on Fig. 7) is approximately independent of the rate of 
drying; the coefficient of variation among the three tests is 7%, with a mean 
value of 3300u (IFD=3140, MD=3200, SD=3580). 


In many respects, first drying creep is similar to shrinkage. The same bi- 
linear behaviour is observed as moisture is lost. Also, as with shrinkage, 

the final value of egce only depends upon the final relative humidity and not 
upon test conditions. Like shrinkage, the manner in which drying creep develops 
as moisture is lost does depend upon the test conditions (such as drying rate). 


Observations that shrinkage and drying creep appeared to be qualitatively 
similar led Gamble and Parrott (3) to tests which showed a linear relationship 
between these two strains. Because concrete was tested, however, the largest 
shrinkage strains which they observed were in the region of 500u. 


Figure 8 shows that for hcp, an approximate linear relationship is obeyed over 
a much greater range. The slopes of the lines, however, depend upon the rate 
of drying. Nevertheless, the regression correlation coefficient is very high. 


The linearity of this relationship should be qualified to some extent. In the 
very early stages of drying, drying creep was very small even though significant 
shrinkage had occurred; this explains why the lines shown in Fig. 8 have nega- 
tive intercepts. Apparently, the emptying of the largest pores in the material 
is not important to drying creep even though this loss does produce significant 
shrinkage. 


First Wetting Creep Following Drying Creep, Humidity Cycling 





Figure 7 shows the wetting creep which occurred after first drying under load. 
For all cases, wetting creep followed an excellent linear relationship with 
moisture gain. 
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Shrinkage vs Drying Creep 


The sum of wetting and drying creep appears 

to converge on a single value of about 4200u; 
those specimens which showed the largest dry- 
ing creep (slow drying) exhibited the smallest 
wetting creep. The total for all tests was 
about the same. Also note that on second 
drying and wetting (test 2B) very little fur- 
ther drying or wetting creep occurred. 


These results indicate that for a given 
drying/wetting step (here, 100-53-100% rh), 
for a given material, and for a given ap- 
plied stress, there is a threshold (or 
ultimate) value for drying + wetting creep; 
this value is approximately independent of 
the rate of drying or wetting, or the number 
of drying/wetting cycles. Although this has 
been stated several times by others in the 
past, the phenomenon needs further emphasis 
because of its practical significance; pre- 
diction of ultimate values for deformation 
when concrete is dried and wet while under 
load may be quite straightforward. 


In Figure 9 the wetting creep vs swelling 
relationship is given. As with the drying 
creep-shrinkage behaviour, there is a period 
of swelling during which very little, if any, 
wetting creep occurs. After about 1000, of 
swelling with no concomitant swelling creep, 
swelling and wetting creep increase in pro- 
portion to one another; all results conform 
approximately to the same linear relationship. 


Prediction of Creep Strains 





An important aim of research of the type 
described in this paper is to assist in the 
development of predictive equations for creep 
when the environment changes. Clearly, these 


equations should be as simple as possible, while at the same time maintaining 
reasonable accuracy. 


Here, the results indicate that simple relationships do exist. 


It is especially 


significant that the linearity between shrinkage and drying creep and between 
swelling and wetting creep, suggested by Gamble and Parrott (3), is confirmed. 
Because of this linearity, equations which relate the strains have been developed 


(3); here, these equations take the forms Caczkg*ore, and Cun=ky°O*Coy, 


where 


o is the applied stress and kg and ky, are constants for a given material. 
Gamble and Parrott used their results and those of others in the literature to 
show that kg is linearly related to water-cement ratio; Figure 10 shows that 
the values for kg from the present results (extracted from Fig. 8) are consis- 
tent with this relationship. 
dependence is not large, and for practical purposes it may be acceptable to 
use a mean ky for all tests. 


The other aspects of the results which may help to produce simplified equations 
for creep are that shrinkage, drying creep and drying + wetting creep for a 
given humidity step are effectively independent of rate of drying or wetting. 
Ultimate values for these components may be determinable without the annoyance 


kq is dependent on drying rate; however, this 
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of having to monitor weight changes 
: - with time. 
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moisture loss and shrinkage. The ques- 
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Relationship between w/c Ratio crete, the size of all strains would 
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Table 2 shows that if drying creep and 
wetting creep are assumed to be com- 
pletely irrecoverable, then total ir- 
recoverable strain can be predicted from 
the magnitude of the components which 
were observed. The differences between 
the predicted values and the true values 
is very small. The conclusion is that 
drying creep and wetting creep can indeed 
be assumed to be completely irrecoverable. 





//~—Possible relation- This conclusion is different from that of 
— Gamble and Parrott (3) who observed a 
O Pa recoverable component of drying creep. 
f/ The disparity may be due to the fact 
2 b 6 8 that they tested concrete, while here 
Water/cement ratio hcp was tested; strain energy stored in 
aggregate during an extended period under 
load may play a significant role in 
determining recovery behaviour and the 


magnitude of recoverable creep strains. 











Conclusions 


Tests were performed on miniature hcp specimens to determine the effect of rate 
of drying on drying creep; one material, one stress level, one relative humidity 
step and three drying rates were used. Relationships between moisture loss, 
shrinkage and drying creep and between moisture gain, swelling and wetting creep 


were examined. 
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TABLE 2 
Prediction of Irrecoverable Creep 
results in uw; negative strain = expansion 


Fast Dry Medium Dry Slow Dry 


Breakdown: 


Observed irrecoverable immediate strain 


Observed irrecov. shrinkage strain 
(from tests on unloaded companions) 


Observed irrecov. basic creep (flow) 
during the time under load (Test 4) 


Drying creep 


Wetting creep 
Total irrecoverable strain predicted 
% difference from observed value 


determined by a short extrapolation of the flow curve 


** 


extrapolation to equilibrium at 2% irrecov. moisture loss (explained in text) 


For these tests, it was found that like shrinkage, the magnitudes of drying creep 
and of drying + wetting creep were independent of the rate of drying. Drying 
creep bears a linear relationship to concomitant shrinkage; similarly, wetting 
creep is linearly related to swelling. In this regard, the results support the 
conclusions made by Gamble and Parrott (3). 

The results also show that both drying creep and wetting creep are completely 
irrecoverable. Also, there appears to be a threshold or ultimate value for 
irrecoverable strain which cannot be exceeded, and is independent of rate of 
drying or the number of drying/wetting cycles. 

The results are regarded as important with respect to the prediction of creep 


strains when environmental conditions change. They suggest that equations may 
not have to be overly complicated to produce predictions of acceptable accuracy. 
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ABSTRACT 
There have been relatively few studies of the microstructural details 


of the fracture zone of propagating cracks in mortars and concretes. 
The lack of information about the details has hindered the development 
and validation of fracture mechanics theories based on the micromechan- 
isms of cracking. This report deals with the use of fluorescent thin 
sections to observe the microstructural details of the fracture zone. 

A mortar is used to illustrate the technique. It is concluded that 

the fluorescent thin section technique has the potential of providing 

a valuable new source of information on the microstructural details 

of the fracture zone in mortars and concretes, both near the surface 
and in the interior of specimens. 


Background 


Cracking mechanisms in concrete and mortar have been a subject of 
research interest for many years, particularly with the recent develop- 
ments in the theories of fracture of brittle materials. Various methods have 
been used to model the cracking mechanisms (e.g. (1-4)). Modeling can require 
assumptions concerning the nature of the fracture zone and microstructural 
details surrounding a propagating crack, such as (a) area (volume) and shape 
of damaged material around and in front of the crack, (b) crack width 
(distance from one crack wall to the other), and (c) whether aggregate 
interlock or partial pullout causes the adjacent crack walls to interact and 
transfer stress. Despite the large amount of research on the application of 
fracture mechanics concepts and theories to concrete, there have been few 
published studies on the observation of the microstructural details of the 
fracture zone of propagating cracks (e.g. (5-7)). This lack of information 
has hindered the development and validation of fracture mechanics theories 
based on the micromechanics of cracking. 
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Recently Mindess and Diamond (5), using a special scanning electron 
microscopy technique, observed the microstructural details surrounding a load- 
induced propagating crack as seen on one surface of a small mortar compact 
tension specimen. The present study was performed to develop a method to 
enhance the microstructural details of the fracture zone in the interior of a 
specimen. Techniques using impregnation have been available (e.g. (8)). Of 
the known impregnation techniques, the use of epoxy containing a fluorescent 
dye appeared to have the most potential for enhancing the visibility of the 
cracking details of the fracture zone in the specimen interior. This report 
deals with the use of fluorescent thin sections to observe the microstructural 
details of the fracture zone. Mortar is used to illustrate the technique. 


Technique 


Fluorescent thin sections have been used to study certain microstructural 
characteristics of concrete, including hydration characteristics and air 
entrainment (9,10) and the relationship of porosity to compressive strength 
(11). The research reported here is the first known study of applying the 
technique to observe the microstructural details of the fracture zone sur- 
rounding a propagating crack. Thin sections, about 15 micrometers thick, were 
cut and ground from specimens which had been impregnated with an epoxy con- 
taining a fluorescent dye. In the vicinity of the crack, the fluorescent 
epoxy filled the cracks, voids, and areas having a high concentration of 
larger capillary pores. Under the excitation of ultraviolet light, the dye 
becomes a light emitter, making discernible details that would otherwise not 
be observed. Some of the crack details discernible at rather low magnifica- 
tion (50X) measure only two or three micrometers from one crack wall to the 
other. Because of fluorescence, these crack details are visible regardless of 
the angle that the plane of the crack wall makes with the plane of the thin 
section. Using illumination with visible light, the crack walls would have to 
be exactly parallel to the transmitted light to be visible. The equipment and 
processes used to impregnate the specimens and prepare thin sections have been 
documented (12). 


Specimen Preparation and Testing 





A mortar specimen was made from ASTM Type I portland cement using a 
standard graded (ASTM C778-80a, (13)) rounded Ottawa quartz sand, with the 
maximum aggregate size of 0.6 mm (100 percent passing No. 16 sieve and 2 
percent retained on No. 30 sieve). The mixture proportions by weight were 1 
part cement to 0.58 parts water and 3 parts sand. A crack was propagated in a 
double cantilever beam specimen, measuring 17 mm in thickness, 76 mm in width 
and 133 mm in length. A chevron notch (figure 1), about 60 mm in length, was 
cut through the 17 mm thickness with a saw blade having a 0.34 mm thickness. 
After moist curing at room temperature for 24 days, the specimen was gradually 
wedge loaded such that a crack propagated from the notch tip, but not com- 
pletely to the bottom of the specimen (figure 1). After testing, the specimen 
was air dried at room temperature for 22 days and then impregnated with an 
epoxy containing a fluorescent dye. 


Thin Section Results 





Two thin sections were cut and ground so that their planes were approxi- 
mately perpendicular to the through thickness dimension of the specimen (17 
mm). The thin sections were about 1 mm inside the "front" (exposed-finished 
surface’when cast) and "back" (surface in contact with the mold when cast) 
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faces (figure 1) of the specimen. Each thin section contained a portion of 
the notch tip and about 28 mm of the crack pattern. An overall map of the 
crack portion contained on the thin section near the "back" face is shown in 
figure 2. This crack map is a tracing from a collage of many pictures taken 
of the thin section. It is noted that surface effects due to volumetric 
changes (e.g. shrinkage) may have influenced the cracking pattern shown in 
Figure 2. Further research is needed on these surface effects. Figure 3 
Shows the details of the crack pattern around the notch tip near the "back" 
face, including crack branching and tortuosity, and the apparent preference 
for cracks to propagate around the sand grains, at the interface between the 
sand and the cement hydration products. The effect of voids on crack 
propagation requires further study, including an analysis of the dis- 
tribution of the number and size of voids. The crack walls were generally 
Sharply defined. Figure 4, taken from the thin section near the "front" face 
and at a higher magnification than figure 3, illustrates typical instances of 
sharply defined crack walls (arrows A and C) and an atypical instance of where 
crack walls are not as sharply defined (arrow B), probably due to an area 
having a high concentration of larger capillary pores. In most cases, only 
those portions of sand grains located on the crack walls appeared to have 
their interface with the cement hydration products clearly disrupted (e.g. 
figures 3 and 4). The observed results appear to correlate with many of the 
trends that Mindess and Diamond observed for surface cracking of mortar using 
scanning electron microscopy (5). 


Summary and Conclusions 





Preliminary findings show that fluorescent thin sections can enhance 
observations of the cracking processes in mortar, including the path, shape, 
orientation, and width (distance from one crack wall to the other) of cracks. 
Also, the effects of aggregates, voids, and larger capillary pores on crack 
propagation can be studied. Crack widths of two or three micrometers can 
usually be discerned; although larger capillaries can be detected, the details 
of their structure are not easily discerned. Three dimensional (stereo- 
logical) aspects of cracking can be studied by taking a series of thin 
sections through the specimen thickness at separations as small as about 1 mm. 
The use of fluorescent thin sections has the potential of providing a valuable 
new source of information on the microstructural details of the fracture zone 
for mortars and concretes, both near the surface and in the interior of 


specimens. 
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Crack map obtained by tracing from a collage of pictures of thin 
section taken from "back" face. '"V"=void. Only larger voids 
associated with the crack path are marked "V". 
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FIG. 3 


Photomicrograph showing details 
of crack pattern around notch 
tip on thin section from "back" 
face (see Fig. 2). 
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Photomicrograph showing 
crack details on thin 
section from "front" 
face. Typical instances 
of sharply defined 
crack walls (arrows A 
and C) and an atypical 
instance of crack walls 
less sharply defined 
(arrow B) are shown. 
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ABSTRACT 
Ultrasonic measurements were performed in the samples with different 


water to cement ratios, at different temperatures, and in the samples 
with added retardants. The results could be qualitatively explained 
with the osmotic theory of the solidification of cement. 


Introduction 


According to the osmotic theory of the solidification of cement (1), the 
Silicate grains form a gel coating in contact with water. The silicate begins 
to dissolve in the gel phase and the concentration of salts in the gel phase 
increases. The concentration difference of the salts in the liquid and in the 
gel phase produces the osmotic pressure and the water molecules penetrate into 
the gel phase. The surface of gel acts as a semipermeable membrane (1). When 
the necessary amount of water in the gel is reached, the coating bursts and the 
gel fibrils begin to grow. This is the end of the dormant period (2), and the 
thixotropy disappears. The crosslinking of the fibrils produces the hardness 
of the cement. With the application of this theory, the retardation and accel- 
eration effects can be explained (2), using the simple approximation for the 
osmotic pressure 7 = Ac RT, where R is gas constant, T the temperature and c 
the concentration difference of salts in the gel coating and in the bulk liquid 
phase, Ac - Cg - Cw. The large and nonpolar molecules of retardants can be dis- 
solvec only in the bulk liquid phase and therefore the concentration difference 
is lowered: Ac = Cg - (Cw + Cret). Lower osmotic pressure results in slower 
water penetration rate, growth and crosslinking; i.e. solidifying of fibrils is 
also slower. According to this model, the high efficiency of the retardants 
can be understood because the osmotic coefficients, i.e. the factor which de- 
termines the real activity of the solvent. is several orders of magnitude big- 
ger in the bulk liquid phase as in the gel phase where there are severe re- 
strictions of mobility and many additional interactions. The effect of the ac- 
celerators can be explained in the same way. Because of their ionic character, 
the cations are attracted by the ie igehoans — surfaces and the 
concentration difference increases, c = + Cacc)-Cw (3). However, the low- 
er efficiency of the accelerators can be ig ars tag ataah the low values of 
the osmotic coefficients of the ions in the very viscous gel phase. 
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Recently the ultrasonic technique which measures the development of the 
shear modulus of elasticity in cement pastes has been introduced (4). The ex- 
periments show that even slight changes of sheer modulus during the cement hy- 
dration can be measured which makes this method appropriate for studies of ce- 
ment hydration. The measurements are based on the sheer ultrasonic waves re- 
flected from a hardening cement paste. The reflection coefficient rg is deter- 


mined by the relation 7 7 
o- 


1 
] 


where the acoustic impedances (Z] and Zy) are determined by the viscoelastic 
properties of the media. For the case of incident sheer waves, it is 


Z = (t(G + inw))!/é 


where c is the mass density, G the sheer elastic modulus, n the viscosity, and 
w the angular sonic frequency. Since the phase changes of the reflected waves 
during the hydration of cement pastes are very small (5), the imaginary part of 
the acoustic impedance can be neglected. A direct relation between the change 
of the reflection coefficient (in dB) and the sheer elastic modulus (5) is 
(cg)'/4 
y = +20 109 Ty, * 17.376 =" 


where Z, is the acoustic impedance of the buffer. This relation is valid as 
long as y is smaller than 5 dB. 


Experimenta] 





The measurements were performed at the frequency 16.5 MHz of acoustic 
waves using the quartz bar as a buffer. The cement paste was spread on the top 
of the bar in a 4 to 5 mm thick layer and covered with a glass cup with a de- 
fined humidity to prevent evaporation. 


The time development of rg was (1) followed in the samples with different 
water to cement ratios at different temperatures, and (ii) the retardation ef- 
fects were studied in the samples with added saccharose and glucose (both 1% 0). 
These molecules are chemically similar, only saccharose has a twice bigger mo- 
lecular mass. If the permeability characteristics are also similar, the osmotic 
pressure decrease would be twice bigger in the sample with added glucose which 
would result in bigger retardation effect. 


Results and Discussion 


The time dependence of the reflection coefficient which is proportional to 
the cement hardness is shown in Fig. 1. The different curves correspond to dif- 
ferent water to cement ratios and different temperatures. All the curves have 
a similar shape. The slope of the constant monotonic increase of the negative 
logarithm of the reflection coefficient with time, increases after the break. 

By the extrapolation of the second part of the curve to log ro = 0, one defines 
the initiation time of hardening (ty). This parameter is a function of temper- 
ature, but practically not of the w/c ratio. The hardening rate itself in- 
creases with decreasing w/c ratio. However, the hardening rate depends strongly 
on the temperature. In Figure 1, families with different w/c ratios at 
different temperatures can be distinguished. The hardening rate decreases with 
increasing w/c ratio. Overall, the families show a decrease in the hardening 
rate (dlog ro/dt) with decreasing temperature. 


The fact that ty is a function of temperature but not of w/c ratio, can be 
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FIG. 1] 


Variation of the reflection coefficient during the initial stages 
of Portland PC 550 cement (by "salonit", Anhovo, Yugoslavia), at 
different temperatures and water to cement ratios. 


explained with the osmotic model. The early stage - the gel coating formation 
and dissolution processes - is independent of the amount of water. Above some 
critical, minimal water content, the same amount of water is required for wet- 
ting the given grain surface. After the gel coatings are formed and the fi- 

brils begin to grow, the samples with the smaller water content harden faster 

because the fibrils grow through the shorter distances to crosslink at low w/c 
ratios. 


However, the hardening (dlog ro/dt) as osmotic pressure itself, increases 
with temperature. In order to obtain some quantitative correlation, one should 
know more about the geometry of the growing fibrils as well as consider the tem- 
perature dependence of the solubilities, water permeability and diffusion co- 
efficients. Probably all these factors contribute to the increase of ty with 
decreasing temperature. 


Figure 2 shows the effect of the retardants on the time dependence of the 
reflection coefficient. Retardants increase the ty value. The "solidification 
rate," defined as (dlog ro/dt), is for a sample without any additive 2.17, for 
a sample with added saccharose 3.13, and for glucose 3.7. The extrapolated ty 
values 4, 15 and 20 hours’ respectively, indicate that glucose is a slightly 
stronger retardant than saccharose, which may be expected from the inverse pro- 
portionality of the osmotic pressure and molecular mass. 
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Effect on cement hydration by addition of saccharose and 
glucose at 20°C and w/c = 0.4. 
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ABSTRACT 


Based on theoretical consideration, it has been found that the frac- 
ture energy is an useful index for the evaluation of fracture toughness 
of GRC (Glass Fiber Reinforced Cement Composites). The method for 
determination of the fracture energy was proposed in this paper. 
Fracture energy was obtained from the work required for the fracture, 
i.e. the area under the load-displacement curve in a tensile test. 

Two notches were introduced on both sides of the specimen surface in 
order to obtain a stable load-displacement curve, which is necessary 
in determining fracture energy. The determined value did not depend 
on the depth of the notches if they were appropriately deep. The 
value, therefore, represented a property of the material, while the 
impact strength and critical stress intensity factor (Kyc), which are 
widely used as the indices of the fracture energy and fracture tough- 
ness, respectively, are not considered to be the material's properties 
because of the great influence of the notch depth on the indices. 

This paper also discusses the suitability of the present method and 
the error factors caused in the measurement. 


Introduction 





The evaluation of the main properties of glass fiber reinforced cement 
composites (GRC) can be usually carried out by the flexural strength and the 
impact strength, from which the other properties are presumed. A character- 
istic of GRC consists in large fracture toughness. It is seen in the crack 
propagation that the reinforcing elements in the matrix already cracked can 
still keep resisting failure even under the increasing tensile strain. Large 
energy, therefore, is required for the fracture. This characteristic is 
generally seen in fiber reinforced composites. The fracture toughness index 
is usually measured with an Izod or Charpy-type impact testing machine and 
it means the energy absorbed by the test piece in the process of the dynamic 
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fracture. The value can also be evaluated from the work required for static 
fracture, e.g. the integral value of the load-deflection curve in the bend 
test. The values mentioned above, however, are sensitively affected either 
by the depth of the notch made on the specimen or by the size of the specimen 
(1, 2). 


C.H. Henager (3) proposed a fracture toughness index (F.T.I.) obtained 
from the three-point bend test in which the span is 305 mm and the cross 
section of the specimen is 102 x 102 mm. It is given by the following 
equation: 


F.T.1. = (Sy + S9)/S} (1) 


where S, is the area under the load-deflection curve obtained by the time 
that the crack begins and Sy is the one obtained in the range from the 
deflection value at the crack initiation point to a constant deflection 
value of 1.9 mm. J.R. Rice (4) proposed a parameter called J-integral given 
by the following equation: 


----°2 (2) 


where b is the width of the specimen, U is the potential energy and a is the 
crack extension. G. Velazco, et. al (5), however, pointed out that the value 
obtained often depends on the notch depth and then cannot be considered a 
geometry-independent material fracture toughness parameter. In the field of 
fracture mechanics the critical stress intensity factor (6), Kjc, obtained in 
a three-point bend test, is also usually used for the evaluation of fracture 
toughness. It is written by: 


(3) 


where W is the failure load, 1 is the span, b is the width, d is the thick- 
ness, C is the notch depth of the specimen and F(c/d) is a function of c/d. 
G. Velazco, et.al (5) also reported that the Kjc for steel fiber reinforced 
cement depends on the initial notch depth. It is not considered, therefore, 
that the Kjc for GRC is independent of the specimen geometry and represents 
a material property. After all, it is not appropriate to evaluate the 
fracture toughness using the above equations (1), (2) and (3). 


The following equation obtained from a combination of the Griffith's 
theory (7) and the definition of Kjc is then considered convenient for use: 


(4) 


where ' is surface energy and E is Young's modulus (8). J.J. Gilman (9) or 
A. Kelly (10) shows that Y is approximately proportional to E in his theory. 
The combination of the theory and the equation (4) gives a relation that Kic 
is also approximately proportional to Y. The comparison of the Kjc value, 
therefore, is given by the determination of Y if it is assumed that the 
material is homogeneous and isotropic elastic solid. The 2Y in the equation 
(4) is represented by G, which is often called strain energy release rate 

or fracture energy. 


In paper (11) a method for the determination of 2Y(G) has already been pro- 
posed. It was calculated from the area under the load-deflection curve ob- 
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tained in a stable three-point bend test by using the specimen with the deep 
and shallow notches on the compressive and tensile stress sides, respectively. 
But this method is not always suitable for the thinner specimen since it is, 
in practice, difficult and troublesome to give a deep notch to the specimen. 
The method, also, makes an error in measuring the deflection because of the 
plastic deformation on the load-point if the specimen is not as rigid as 

GRC. Furthermore, the deeper notch is less desirable for achieving a maximum 
fracture area and a good averaging process over coarse microstructures such 

as GRC and hence a better reproducibility of the measured values. In order 

to overcome the disadvantages, a tensile test method which is able to decrease 
the ratio of the notch depth to the specimen thickness was investigated. 

The present paper describes the method of determining the 2Y (G) which 
depends seriously on Kjc and discusses the errors caused by the measurement. 


Experimental 





Preparation of Specimen 





A commercial rapid hardening portland cement, Kimitsu Sand and glass 
fiber were used for preparing the GRC. The chemical composition and the 
physical properties of the cement are summarized in Tables 1 and 2. The 


diameter distribution of the sand is shown in Table 3. 


TABLE 1 


Chemical Composition of Rapid Hardening 
Portland Cement (wtZ). 





Ig.loss Insol. Si09 A1203 Fe203 





An alkali-resistant glass fiber roving containing more than 7 molZ%Z Zr02 was 
used as the reinforcing element. The roving consisted of 32 strands, all of 
which consisted of 204 filaments of 14.5 um in average diameter. The fila- 
ments were bundled with a size. The sand to cement and the water to cement 
ratios of the mortar matrix for GRC were 0.5 and 0.33, respectively. Water 
reducing agent of 1 wt was added to cement. After the roving was chopped to 
the 37 mm long strands with a chopper gun,they were immediately sprayed 
together with mortar onto a flat sheet mould (600 x 1200 mm). The content of 
strands was controlled to be nominally 5 wt% of the green sheet of GRC. 

After spraying, the sheet surface was finished by using a trowel. The green 
sheet were cured in moist air at 20°C for 3 months and the trowel-finished 
surface was then ground to obtain the flat surface. The GRC specimens thus 
prepared had random and two-dimensional crientation of strands. 


Testing Procedure 





The tensile test method proposed here was compared with the bend test 
method presented in paper (11). The tensile test geometry is illustrated in 
Fig. 1. The specimen size was 10-15 (thickness) by 40 by 150 ~ 400 mm. Two 
notches were made at the center of both surfaces of the specimen as shown in 
Fig. 1. Fig. 2 shows an example of the tensile stress-elongation curve 
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TABLE 2 
Physical Properties of Rapid Hardening 
Portland Cement (wt%). 





Specific Gravity 
Residue 88 u (%) 
Finess Blaine (cm2/g) 


Amount of Water (%) 
Initial Setting (hr-min) 
Final Setting (hr-min) 
Flow (JIS) (mm) 


Setting Time 


Flexural Strength 


Strength (N/mm) 


Compressive Strength 





TABLE 3 


Grain Size Distribution of Kimitsu Sand, 





meer et -g Hie 1.2.0.6 0420:3 03.085 64520 
Sand (mm) 


Weight (%) 8.0 17.0 45.5 24.5 360 





obtained when the tensile load was given to the notched specimen. The curve 
indicates that the fracture mode in the tensile test is not catastrophic but 
stable because of the presence of the reinforcing elements and the notches, 
and that since the elastic energy stored in both specimen and testing 
machine in the tensile test gradually decreases with decreasing tensile load 
(stress) until it becomes zero, all the above elastic energy is consumed for 


Gauge Length Grip Length 


> 50mm —>=— 50 ~ 200mm —>———._ 50mm ——> 


| | Grip 
| Notch Depth(C id 
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FIG, 1 
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Tensile test geometry of the notched specimen. 
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the fracture of the specimen. The area under the curve, therefore, means the 
work done by the testing machine for the fracture. The surface energy, Yt, 
can be then given by: 


‘as Ut 
2At 2(d - 2c)*b (3) 





where Ut is the work done by the testing machine for the fracture, A; is the 
apparent cross-sectional area of the fracture portion in the tensile test, d 
is the thickness, b is the width and c is the notch depth of the specimen. 


Since the A; is the apparent area 
for heterogeneous material such as 
GRC, the Yt obtained is the ef- 
fective fracture energy (often 
reffered to as work of fracture). 


In order to confirm the 
validity of the measurement of 
Yt, the fracture energy was mea- 
sured by the three-point bend 
test (11) using the notched spe- 
cimen. The test geometry is 
illustrated in Fig. 3. The load- 
deflection curve is shown in Fig. 
4. The area under the curve is 
the energy consumed by the spe- 
cimen during the fracture. The 
work of fracture obtained from 
the bend test, Yb, is then given 
Stress-elongation curve of the by: 
notched specimen in the tensile Up 


ati sin i ~  2(d-cy-c2) +b 
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where Ub is the work done by the bend test machine for the fracture, Ab is 
the apparent cross-sectional area of the fracture portion in the bend test 
and cj and c2 are the notch depths. 
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FIGS 3 FIG. 4 


Bend test geometry of the Load-deflection curve of the 
notched specimen. notched specimen. 
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Results 


The effect of the notch depth on the fracture energy, 2Yt, was first 
investigated by the tensile test. The results are listed in Table 4. 
When the ratio of the total notch depth to the snvecimen thickness (2c/d) was 
not less than 0.4, the notch depth did not depend on the Yt, while the Yt 
for the unnotched specimen became approximately 1.6 times as large as 
that for the notched specimen. The results obtained under various gauge 
length conditions are listed in Table 5, which showed that the Yt was not 
influenced by the gauge length of the specimen considering the standard devi- 
ation. The effect of the cross-head speed in the tensile test is listed 
in Table 6, which showed that the Yt also was not affected by the cross—-head 
speed. 
The result shown in Table 7 is the fracture energy (work of fracture), Yb, 
measured in the bend test in order to confirm the suitability of the tensile 
method. The good agreement of the Yt with the Yb showed that the present 
method is valid and suitable for measuring the fracture energy of GRC. 


TABLE 4 


Relation between Notch Depth and Fracture Energy. 








Total Notch Thickness of Fracture Energy (2Yt) 
Depth Fracture Portion oa 





‘ Standard Number of 
Mean 


[d-2c] Deviation Specimens 
(KJ/m2) (KJ/m2) 





6.41 2.90 
6.47 1.20 
6.61 0.91 
10.6 1251. 





Specimen Size: 10 x 40 x 200 mm, Gauge Length: 
Cross-head Speed: 0.5 mm/min. 


TABLE 5 


Relation between Gauge Length and Fracture Energy. 





Specimen Size Fracture Enersy (2Yt) 


Thickness Width Length Seer Lae : Standard Number of 
Mean ee , 
[d] Lb] LL] Deviation Specimens 


(mm) (mm) (mm) (mm) (KJ/m2) (KJ/m2) 








150 50 6.33 L230 10 
100 6.61 For 8 
150 6204 2.02 
200 6.03 1.34 





Cross-head Speed: 0.5 mm/min, Thickness of Fracture Portion 
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TABLE 6 


Relation between Cross-head Speed and Fracture Energy. 











Fracture Energy (2Yt) 
Gresetees Speed : Standard Number of 
Mean . : , : 
Deviation Specimens 
(mm/min) (KJ/m2) (KJ/m2) 
OK 63335 D350 LO 
2.0 6.15 0.85 9 
PLAS: 6.43 0.94 7 





Specimen Size: 15 x 40 x 150 mm, Gauge Length: 50 mn, 
Thickness of Fracture Portion [d-2c]: 6 mm. 


TABLE 7 


Fracture Energy Obtained from Bend Test Method. 





’ g > —E 2Yb) 
ee Fracture Energy (2Yb) 


















Specimen Size Saar nian a er oe a 
gia eae cl - Mean Deviation Specimens 
(mm) (mm) (mm) (mm) (KJ/m2) (KI/m2) 

25 5°40: =-150 4 6.48 0.89 










20 mm, C2 : 1 mm, Cross-head Speed: 0.5 mm/min, 





C1 









Error Factors 





The error factors in the measurement of the Yt are discussed. 






Notch Effect 














As shown in Table 4 the Yt of the unnotched specimen is approximately 
1.6 times larger than that of the notched one. The reason is considered as 
follows. When the tensile load increases, a crack is initiated on the weakest 
portion of the specimen and then opened. The further increase in the crack 
opening, however, is prevented by the reinforcing elements. Another crack is 
then initiated on the other weaker portion of the specimen. The size of the 
crack thus increases with increasing tensile load (12). The formation of many 
cracks is considered to give larger fracture energy to the unnotched specimen 
than to the notched one. These cracks could be observed by the naked eye. 

For an accurate measurement, it is indispensable that there is no growth of 
the crack on the unnotched portion of the notched specimen in the tensile 
test. The acoustic emission (AE) count of both notched and unnotched speci- 
mens (8 x 20 x 150 mm3) was then measured to investigate the crack initiation 
and growth under varing stress. Fig. 5 (a) shows the AE total counts of the 
event number, the AE total counts including the ring-down of the trans- 

ducer and the tensile stress versus the cross-head displacement for the unno- 
tched specimen in the tensile test. As shown in Fig. 5 (a), if the stress is 
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Specimen Size : 8X20X*150mm 


Notch Depth of Each Side : 3mm 
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FIG. 5 


Total counts of the acoustic emission (solid 
line) and the tensile stress (dotted line). 


less than 5 MN/m2, the AE counts of the event number and the ring-down were so 
low that the crack formation is considered negligible. 

On the other hand, when the notched specimen illustrated in Fig. 1 is 
subjected to the tensile test, the stress of the notched portion will be a few 
times higher than that of the unnotched portion because of the higher stress 
concentration and the smaller cross-sectional area of the specimen. Fig. 5(b) 
shows the AE counts and the stress of the unnotched portion of the notched 
specimen. As shown in Fig. 5 (b), because of the notch effect the AE counts 
of the notched svecimen was very high even under the low tensile stress (e.g. 
3 MN/m2) applied to the unnotched portion. However, such a low stress did not 
lead to any AE counts (i.e. crack formation) without the notch as shown in 
Fig. 5 (a). From the results shown in Fig. 5, it was proved that the crack 
formation does not occur in any unnotched portion of the notched specimen in 
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the tensile test although it occurs in the notched portion. This is also 
confirmed from the results listed in Table 5. If the crack had been formed on 
the unnotched portion, the increase in the gauge length of the specimen should 
result in the increase in the Yt value. 


Slip of Grip 

It should be revealed that there is 
no slip between the specimen and the grip 
in the tensile test since it results in 
the overestimation of the Yt value. A 
tensile load test was then repeated using 
the unnotched specimen (11.6 x 40 x 200 
mm?) in order to find out the slip in the 


grips. The results are illustrated in a 

Fig. 6. As the stress first increased A 2| 

from the point A to B, the elongation, : 
caused mainly by the elastic deformation E 

of both specimen and testing machine, 

linearly increased. After the shift of 

the chart paper in the recorder from the lanl 


point B to C, the curve CD was obtained er 
when the stress or the elongation was 

decreased to zero. Since the length BC 

was equal to the DA and the curve AB was FIC. 6 
able to superposed upon the DC, no hyste- 
resis was found in the stress-elongation 
curve. After the shift of the chart 
paper from D to E, the same experiments 
were repeated until the points W, X, Y 
and Z were obtained as shown in Fig. 6. 
hysteresis occured because of a little play of the testing machine, but the 
length XY was equal to the WZ if the stress is less than 5 MN/m2 Since, as 
shown in Fig. 5 (b), the stress of more than 4 MN/m2 was not required in the 
present tensile test method owing to the notch effect, it was found from Fig. 
6 that the plastic deformation of both specimen and testing machine during the 
test was so small as to be unable to detect it from the recorder chart. It is 
then concluded the error is not caused by the slip and friction between the 
specimen and the grip or by the plastic deformation of the unnotched portion 


for the notched specimen. 





m*) 


(MN 


otress 


lensile 


Elongation (mm 


Tensile stress vs. cross-head 
displacement of 
an unnotched specimen. 


As the elongation increased, a little 


Irregularity of Fracture Surface 





When the specimen was observed after the test, the broken or pulled-out 
strands stuck straight out on the fractured surface as shown in Fig. 7. 
In practice it is, therefore, difficult to measure the fracture surface area 
accurately although the fractured surface of the matrix portion is flat. 
in the present method, the fractured surface is expressed by the term, 
2(d-2c)*b, in Eq. (5), it is inevitable that a little difference is caused 
between the above term and the real fractured surface. Since the GRC also is 
an inhomogeneous material containing strands, aggregates and cement paste, the 
Ut value in Eq. (5) involves the energy caused by the pull-out or break of the 
strands as well as the fracture of the matrix. The Yt value obtained from Eq. 
(5), therefore, should be considered the effective fracture energy. 


Since, 
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ia ep al 10mm hati 


(Width) (Thickness) 
FIG. 7 


Fractured surface of the notched specimen 
observed after the tensile test. 


Summary 

For some homogeneous materials the fracture toughness, usually called 
stress intensity factor (Kic); was shown to be proportional to the fracture 
energy on the basis of the theoretical equations reported in some papers 
before. It was considered from this relation that the fracture energy of GRC 
(Glass Fiber Reinforced Cement) is an useful index of the fracture toughness. 
The determination method was then proposed for the estimation of the GRC frac- 
ture toughness. The fracture energy was measured by the tensile test method 
using the specimen with the two notches of the same depth on both sides. 
Since the value obtained was not influenced by the notch depth if the ratio of 
the notch to thickness (2c/d) was not less than 4/10, it was found that the 
measured value can represent the GRC material property. The suitability of 
the value thus obtained was confirmed by the close agreement with the value 
(Table 7) obtained from the bend test method (11) reported before. The ratio 
of the total notch depth to the specimen thickness in the present method was 
able to be smaller than that in the bend test one. The ratio of not less than 
4/10, however, was necessary for obtaining the accurate value. The shallower 
notch (the larger fracture area) gives the better averaging process over coarse 
microstructures such as those of GRC and does not easily make the micro- 
cracks on the notched surface during the preparation of the specimen before 
the testing. The present method, then, is more desirable for the relatively 
thin specimen because of the shallower notch than the bend test method. It is 
also considered that this method can be applied not only to GRC but also to 
the relatively unrigid and brittle matrix composites which will have the pla- 
stic deformation at the load points of the specimen in the three-point bend 
test. 
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ABSTRACT 
The introduction of Ti0, at 1-10% levels into the crystal structure 
of the ferrite phase, nominally Cao(Fe2-x Afzx)0s, has been studied 
experimentally by X-ray and electron diffraction. Ti** substitutes 
in ferrite mainly in octahedral sites, replacing Fe**t. Charge 
compensation is maintained by adding extra oxygens. At low Ti 


contents, typically 1-9%, the oxygen distributions are random and 
the crystal structure extensively disordered in the 4) direction. 
However, at higher Ti contents, an orderedsuperstructure with a b axis 
periodicity of 118.6 A develops. This phase represents a different 
stacking arrangement than in C,AF and has the ideal composition 
Cas(Fey-.A&x)Ti0;3. The appearance of powder X-ray diffraction 
patterns are interpreted in terms of the crystallographic changes. 


Introduction 





The ferrite phase of cements comprises a range of solid solutions whose 
major -element substitution has the general formula Ca2Fe2-2xA2.,0; where x 
ranges between zero and 0.7 at 1 bar pressure (1); at very high pressures, 
xX may attain the limiting valueof 1.0(2).The solid solutions high in iron 
exhibit a complex magnetic structure (3). With increasing Ag substitution, 
a symmetry change also occurs amongst the orthorhombic solid solutions from 
primitive to body-centred. This change occurs gradually with increasing 
numerical values of x and is essentially complete at x = 0.33 (4). The 
effects of other substituents on the crystal chemistry and reactivity are 
less well known although it has long been known that the ferrite phase may 
preferentially concentrate many chemical impurities originally present in 
the clinker raw materials. Titanium is a notable example. The Ti content 
of a bulk clinker batch may be low, on the order of 0.2 - 0.4%, but micro- 
probe analyses disclose that it is strongly fractionated into the ferrite 
phase during clinker cooling,so that the ferrite frequently contains 2 - 3% 
or more Ti (5). This Ti is believed to be present overwhelmingly as Ti*?. 


Kimura and Muan (6) studied phase equilibria in the system Ca0-Ti0,-Fe-0 
and report that up to 2.5 wt % Ti02 went into solid solution with CoF at 
1400°C. They determined that the mechanism of Ti substitution primarily 
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involved replacement of 2Fe?* by 2Ti** with concomitant addition of 02° ions. 
Thus the Ti - bearing solid solutions have a variable oxygen stoichiometry 
measured in terms of the number of oxide ions per unit cell. This behaviour 
is unusual amongst clinker phases; C3S and C2S form limited solid solutions 
incorporating ions with dissimilar charges (e.g., Fe°*) but charge balance is 
apparently obtained by some mechanism which leaves the oxygen stoichiometry 
essentially unchanged. 


Knofel (7) studied the limit of Ti substitution in C,AF and found that 
solid solutions extend to 18 wt % Tid. at 1400°C. The limit of solid 
solution was marked by the development of excess free lime. Systematic 
Changes in the appearance of X-ray powder patterns were noted; these 
correlated with increasing Ti content, but the nature and cause of the 
changes remained unexplained. 


Studies of phase formation in the system CaTi03-Ca2Fe20; have also been 
made by high resolution electron microscopy and X-ray powder diffraction (8). 
The results obtained are somewhat at variance with those in (6) especially 
with respect to the limits of solid solution. Moreover, a series of discrete 
phases were found having a common substructure unit. Each phase had a 
range of stoichiometry, but all had the general formula A,MnOsn -1(n = 2 for 
Ca2Fe20s). Phase formation was also observed to occur at or close to n 
values equal to 2.5, 2.67, 3.0 and 4.0. Thus, at n = 3, a discrete phase 
having the formula Ca3(Fe2Ti)03 was encountered. It was suggested from 
lattice imaging studies that at n >2.0, anions and defects associated with 
the increasing introduction of Ti were disordered but that phase formation 
at n%v2.5 was conditioned partly by ordering of oxygens and defects, 
thereby introducing lattice periodicities longer than those observed in CaF 
itself. Although these studies relate mainly to high levels of Ti 
substitution relative to those encountered in clinker, they are nevertheless 
relevant, as will be shown. 


The title study was initiated for three reasons: (i) the role of Ti 
Substitution is interesting in its own right (ii) the relation between 
defect structures and reactivity has attracted much interest and the ferrites 
offer an example which might usefully be studied in more detail and (iii) 
changes in lattice periodicities arising from minor element substitution 
could alter the x-ray intensities of the ferrite, thereby affecting 
calibrations for quantitative phase determination by X-ray methods. 


Experimental 





Ferrite solid solutions were prepared from mechanical mixtures of 
'AnalaR' CaCO3, Merck reagent Fe203, ‘Cera’ A203 and a chemically-pure 
rutile, prepared by ignition of anatase pulp. Most of the work was done on 
the compositions listed in Table 1. These were calculated to lie on several 
joins in the Ca0-A2.03-Fe203-Ti02 system notably on compositions in the 
serieS Caz2Feo-2xTi2x05+x and CayAQo-oxFeo-oxTiyx O01 0+2x. Additionally, 
compositions were prepared at CuAo-268F1-51810-4283 CuAo-538F1.25410-4165 
CuAo-so09Fo-9891 0-404 and CuAo-991F0-81110-396: these contain uniformly about 
6.5 wt % Ti02,and were calculated to provide additional data on the effect 
of changing A/F ratios. 


The preparations were placed in Pt crucibles and decarbonated by heating 
in air at 800-900°C. Subsequent reaction leading to homogeneous solid 
solution formation was achieved by pressing the decarbonated precursors into 
pellets and firing these on Pt foil in air at various temperatures between 
1260° and 1325°C. The course of sintering was monitored by preparing 





M.B. Marinho and F.P. Glasser 


TABLE 1 
Compositions of Ti-substituted Ferrites 


Solid Solution Formula* X Cad AL 40. Feo0. 


CAF g9!g.02 0.010 41.26 . 58.16 


ar, T 0.040 41.26 - 56 . 39 


2 0.96 0.08 
C.F 0.097 41.32 4 53.00 


2-9 .901'0.193 





CAAy 97F9.97'0.12 0.03 45:99 20.28 31.4% 


‘ 
“4 


Ay 90'o.90'0.40 0.10 45.61 18.70 . 29.23 


These formulae are written in cement chemical nomenclature 
where F = Fe203, etc. Thus values of x given in the text 
formulae for A& and Fe should be divided by two to arrive 
at the subscript numbers given here. 


polished sections as firing at too high a temperature can result in partial 
melting. 


Results 


X-ray powder data 





Ca2Feo-2xTt2x0s+x soltd soluttons. The most conspicuous effect of Ti 
Substitution is the disappearance from the X-ray powder pattern of all 
reflections having A+kK+2# 2n. This process appears by X-ray to have 
been completed by 2.35% Ti0>. It is associated with a change in crystal 
symmetry from primitive at the C.F composition to body-centred at higher Ti 
contents. Apparently Ti substitution, together with concomitant introduct- 
ion of additional anions,relieves the distortion which, in the absence of Ti, 
lowers the symmetry to primitive. Amongst the main reflections - those which 
have 2 + kK + 2 = 2n and which in general, occur throughout the series - 
only minor variations in intensities occur. Table 2 shows the measured 
peak heights, determined by counting at the centre of the peak while using 
monochromated CuK, radiation. The data observed for pure C2F give rather 
better agreement with the calculated intensities than those recorded in the 
JCPDF (Card 19-222). The only other intensity variation with solid 
solution which may have statistical significance is 020, which passes through 


TABLE 2 
Intensity Data for Ca2Fe2-2,Ti2x0 54x Solid Solutions 
CoF CoF CoF Solid solutions, % TiO. 
(19-222) calc. . : 1.18 2.35 
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a maximum intensity at 0.59% TiO». The effect of Ti substitution on the 
lattice parameters of the ferrite phase are negligible. Table 3 compares 
data in the literature with our measurements on pure C2F and on Ti solid 
Solutions: the cell parameters shown were obtained from least-squares 
refinement of all measurable reflections in the range up to 60° 26 (CuK,); 
the last significant figures of the estimated standard deviation are also 








given. 
TABLE 3 : 
Cell Parameters of Ferrites (A) 
CapFe20; CanFeo-0yT12x054x 
Parameter Card 19-222 This Study = 0.04 x = 0.097 
a 5.598 5.597 (3) 5.594 (2) §.595 (3) 
b 14.754 14.742 (8) 14.743 (4) 14.751 (6) 
C 5.427 5.431 (4) 5.438 (2) 5.438 (4) 
CayAho-2xFe2-2xTtyx019+x Soltd Soluttons. No gross changes were observed 


in the positions or relative intensities of reflections in the powder patterns 
as a function of Ti content at less than 1% Ti0,, but with increasing Ti 
content, many of the reflections became progressively broadened and more 
diffuse. Batches of Ti substituted ferrites were annealed for up to 21 d at 
1200°, 1240°, and 1280°C without improving the sharpness of the X-ray 
reflections, even though the crystallite size was increased markedly by 
prolonged annealing. The chemical homogeneity of solid solutions on a scale 
of 10° nm was checked using CORA, a transmission electron microscope 
cesigned for chemical analyses. But even at this scale, the solid solution 
crystallites were chemically homogeneous within the limits of error imposed 
by counting statistics which, in chemical terms, mean that two standard 
deviations correspond to +1-2% for both AX and Fe and +0.2-.3% Ti0,, 
relative to Ca used as an internal standard. 











Obtaining consistent X-ray intensity measurements for C,AF as well as 
its Ti - containing solid solutions presents some experimental difficulties. 
Some measurements,including a comparison between experimental and calculated 









TABLE 4 
X-Ray Intensity Data for CAF and Ca,ARo_-2xFeo_2xTixx019+2x 







This study, observed at Ti02= 
6.5% wt % 
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values, are shown in Table 4. The reasons for the poorer agreement relative 
to those obtained for C.F are not obvious, but it is probable that they 
arise in part from the better crystallite morphology relative to C2F, which 
tends to induce preferred orientation, as well as the increasingly diffuse 
nature of the powder pattern of the Ti-substituted solid solutions, which 
increases the uncertainty of either peak-height or peak-area measurements. 

On account of the diffuse nature of many of the patterns, no attempts were 
made to determine quantitatively the variations in cell parameters with Ti 
Substitution. But any changes must be very small. 


The structural position of Ti was inferred from CORA analyses of 
crystals containing AX, Fe and Ti. Table 5 summarizes the results of 
analyses made on 38 crystals from one batch having the bulk composition 
CuAg-coFo-s0lo-uo- If the octahedral and tetrahedral M°* sites were equally 
substituted by Ti*+, the A/F ratio would be expected to remain equal to 1.0. 
Its decrease, to a mean value of 0.961 + 0.088, is marginally significant, 
and it is probable that Ti exhibits a preference for those octahedral sites 

which in CuAF would be occupied by Fe; 
TABLE 5 Fe : Ti substitution therefore causes 


Analyses of CyAo-9Fo-sTo-u the A/F ratio to decrease below unity. 


Preparation 
AX/Fe ratios Number of Electron Diffraction 
Sees. Ca2Fé2-2yFt2x05+x soltd soluttons. 
> 1.06 3 4 3 Fig. 1 compares the electron diffract- 
1.05 ~ 1.00 5 | ion patterns obtained from C2F with 
0.96 - 1.00 10 , those obtained from Ti substituted 
0.90 0.95 17 > 30 solids solutions containing 2.35 and 
yA 39 3 | 5.68 wt 4 Ti02. All patterns were 
; obtained in the same orientation 
(010 projection). Reflections 
indicating primitive symmetry are plainly visible in the rows parallel to db; 
the reflections are sharp and distinct. However, at 2.35% Ti02, the 
corresponding reflections, while still visible, have become weakened and 
diffuse. At 5.68% Ti02, only a few reflections having 2 +k +2 = 2n+1 
persist and these are largely confined to a region close to the a* axis 
and, moreover, they are not only extremely weak but diffuse as well. Thus, 
by electron diffraction, the transition to body-centred symmetry is 
essentially complete at 5.68% Ti02 whereas by powder X-ray diffraction it 
appears to be complete at much lower TiO» contents. This apparent 
discrepancy can be resolved by noting that electron diffraction is much more 
sensitive towards the presence of weak reflections than is X-ray diffraction. 


CayAho-2xFe2-2xTtyx019+ 2x. Electron diffraction measurements on solid 
solutions in this series in the range of Ti contents between 0 and 12.8% 

Ti02 reveal that the structures fall into three groups. These groups can be 
explained with the aid of selected electron micrographs shown in Fig. 2, 
which are not in identical orientations, but all have the crystallographic b* 
direction arranged horizontally, which is sufficient to illustrate the 
salient features. At the C,AF composition, the pattern is body-centred, 
with a 14 A b axis repeat; moreover, all reflections are sharp. At 3.3% 
Ti02 the pattern has become notably more diffuse, with individual reflections 
forming conspicuous streaks of diffracted radiation ||b*. The disorder 
along b* increases progessively with increasing Ti content until at 9.7% Ti02, 
the pattern is dominated by continuous streaks on which are superimposed 
reflections characteristic of more a domains having a different b 
axis periodicity,v18.6A instead of 14 as in C,AF. At still higher Ti 
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FIG | 





Electron diffraction patterns 
obtained in 010 projection 
from Ca2Fe.05 (upper left) 
and Ti-substituted solid 
solutions containing 2.35 wt 
% Ti02 (above right) and 
5.68% Ti02 (lower left). 
























contents, 12.8.wt % Ti02 in this instance, the pattern is again sharp and 
only the 18.6 A domains persist. In the intermediate range of compositions 
lying roughly between 3 and 10% TiO. no amount of annealing at 1100 - 1200°C 
was sufficient to eliminate the b* axis disorder, which, it is concluded, 
arises from random interstratification of the two types of repeating units. 


Discussion 


Data on several joins extending between CaTi0; and ferrite solid solutions 
can be combined to give a consistent explanation of the effects of introducing 
Ti into the lattice of the solid solutions. Ti is soluble in ferrites in 
preference to either forming a separate Ti phase-e.g. rutile-or dissolving 
in the host lattices of C3S, CoS or C;3A. The solid solution in ferrite is, 
however, accompanied by a series of complex changes with respect both to the 
symmetry and order or disorder of the solid solution. Fig. 3 correlates 
some of these changes. The primitive symmetry exhibited by Ca,Fe,0; anda 
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FIG 2 


Electron diffraction patterns of C,AF and Ti-substituted 

CuAF solid solutions. All patterns have b* horizontal. 

Upper left, C.AF (101 vertical); upper right, 3.3% Ti02 

(101 vertical); lower left, 9.7% Ti02 (301 vertica]) and 
lower right 12.8% TiO. (c* vertical), showing 18.6 A b* 

repeat. 


range of AX containing solutions may be terminated either by addition of more 
AX or even more effectively, by additions of Ti. Thus, the region of 
primitive solid solutions having a b axis repeat of 14 A is confined to the 
high iron, low titanium regions. The symmetry transition between primitive 
and body-centred occurs gradually, over a range of compositions, and its 
location depends in part on the sensitivity of the techniques used towards 
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Diagram showing phase formation in ferrite solid solutions containing 
Ti. The regions of phase formation are from annealing experiments 
made at 1000° - 1200°C. The vertical axis scale is exaggerated to 
show more clearly the phase boundaries at low TiO. contents. 










the presence or absence of very weak reflections; electron-diffraction is 
more sensitive in this respect than X-ray powder diffraction. An extensive 
range of 14 A body-centred solid solutions is encountered at higher Ti 
contents, but with increasing Ti contents, the solid solutions become 
progressively more disordered. The disordered region marks a transition to 
a new structure type, characterized by having a b axis repeat of 18.6 A. 

The chemical analyses of numerous single crystals of this phase reveal a 

type formula very close to that of the CasFe,Ti0,3 phase (after allowing 

for extensive AX for Fe substitution) encountered amongst Ti-substituted 
CazFe20s solid soJutions by Grenier, et az. (8). Moreover, the b axis 

repeats at ~18.6A are essentially identical. In this view, the structure 
of the crystals at CasFe2A22Ti0;3 containing about 12.8% Ti02 may be compared 
with that of C,AF in terms of the stacking of alternate tetrahedral-octa- 
hedral layers perpendicular to b. In CAF, the pseudo repeat is |0TO| | OTO| - . 
(v7 A) whereas in CasFe2A2.Ti0,;, it is | OTOTOO| |OTOTOO| -+:-°: giving rise 
to the observed 18.6 A spacing. The ratio of octahedral : tetrahedral sites 
remains constant at 2:1, but the more complex repeating sequence leading to 
clustering of the remaining vacant oxygen sites and a longer b axis period- 
icity, is promoted by increasing Ti content. The sequences are sufficient- 
ly similar to permit the disordered stacking arrangements encountered in the 
range of Ti contents between C,AF and CasFe2A2.Ti0;3. Indeed, the 
CasFe2A22Ti013 composition prepared in the course of this study always 
contained a substantial proportion of disordered regions, hence super- 
Structure reflections characteristics of the longer b axis repeat are not 
found in the powder X-ray patterns. 
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The consequences of these discoveries concerning the effect of Ti on 
the polymorphism of ferrite solid solutions are, briefly, (i) that the 
diffraction efficiency of disordered solid solutions is markedly affected, 
relative to synthetic Ti-free ferrites, and it may be necessary to take 
this into account when assessing the results of quantitative X-ray diffract- 
ion of cement clinkers, (ii) an understanding of the relationships between 
reactivity towards water of the anhydrous phases and their defect contents, 
and of the dependence of the defect content on chemical substitution, is 
somewhat advanced by the present study, which highlights the important role 
of Ti in controlling structural changes as well as the oxygen stoichiometry 
of the ferrite solid solutions. 
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ABSTRACT 
So far, few experiments to determine fracture toughness of auto- 
claved aerated concrete have been reported in the literature. Tests 
on three different types of autoclaved aerated concrete using six 
different specimen geometries have been carried out. Four of the 
six specimen geometries chosen lead to nearly identical results for 


K1c- The two other types of specimen were used to determine frac- 
ture energy Ge. Kyc increases with compressive strength of the 
material. Fracture energy is about one tenth of the corresponding 
value of normal concrete. The influence of rate of loading on Kyc 
can be expressed by means of a power law. These results suggest that 
linear elastic fracture mechanics is a suitable approximation for 
the calculation of crack propagation in autoclaved aerated concrete. 


Introduction 





Autoclaved aerated concrete is a lightweight structural material with 
interesting thermal properties and it is widely used nowadays. Strength and 
deformation of this comparatively new building material have been studied by 
many authors. The characteristic mechanical behaviour can be explained on 
the basis of the particular porous structure of the material semi -quantita- 
tively. Most recent results, and in particular the influence of moisture 
content on material properties, have been compiled in the proceedings of an 
International Conference /1/. There is a comprehensive bibliography on re- 
search on autoclaved aerated concrete /2/ published in addition in this 
volume. 


It has been proved that fracture mechanics is a powerful tool in struc- 
tural engeneering. There are different approaches to overcome limitations of 
linear elastic fracture mechanics as applied to normal concrete structures 
/3/. So far fracture mechanics parameters for autoclaved aerated concrete 
have not been determined and published. It can be assumed a priori that 
crack propagation in autoclaved aerated concrete is significantly less com- 
plicated as compared to the degradation of the composite structure of con- 
crete under load. Therefore it seems to be a promising approach to apply 
fracture mechanics to study crack propagation in structural elements or in 
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masonry built with autoclaved aerated concrete blocks. In this contribution 
results of an experimental investigation to determine fracture toughness of 
three different types of autoclaved aerated concrete wil] be presented. 


Experimental procedure 





It is well known that experimental values of fracture toughness can 
depend significantly on specimen geometry. To make sure that we really 
determine material properties we have chosen different geometries, i.e. two 
ring beams tested under compression, three different prismatic beams tested 
under three point bending, and a compact tension (CT) specimen. 


The ring beams had an outer radius of 93 mm. In the following we will 
call ring beam A the one with an inner radius of 53 mm and ring beam B the 
one with an inner radius of 28 mm. The thickness B of both ring beams has 
been chosen to be 35 mm. The length of the sawn notch was 8 mm and 25 mm for 
ring beam A and ring beam B respectively. The exact meaning of the symbols 
used can be seen in FIG. la. 


It has been shown that fracture toughness of the ring beam can be deter- 
mined if the ultimate load P is known by using the following equation /4/ 


BYR, 


In this equation Y is a parameter which depends on geometry. In our case 
Y is approximately 3.4 and 1.5 for ring beam A and B, respectively. 


The beam A for the three point bending test had a height W of 150 mm, a 
thickness B of 35 mm, a length L of 570 mm, and a sawn notch a with a length 
of 30 mm. For beams B and C the dimensions were as follows : W = 95 mm, 
B = 95 mm, and L = 570 mm (see FIG. 1b). The sawn notch has been 47.5 mm 
and 31.6 mm for beam B and beam C respectively. 


In measuring the failure load P, Kyc can be determined by means of the 
following equation /5/ 


FIG. 1 : Sketch of the different specimens used to determine fracture toughness. 




























Vol. 14, No. 3 37) 
FRACTURE TOUGHNESS, AUTOCLAVING, AERATED CONCRETE, SPECIMEN GEOMETRY 


Sul vid a 
= Y = 2 
C2 BW Uy (2) 
where Y (*) has the following meaning : 


¥ (2) = 1.93 - 3.07 + 18.52 €2)* ~--26:11 (2) + 2518 (2) (3 
Pe (=) a Fa (7) (3) 


=i 


From identical blocks, CT specimens have been sawn. The dimensions have 
been chosen according to ASTM recommendations /6/. This leads to the 
following specimen geometry : B = 62.5, W = 125, H = 156, and a = 60 mm. For 
the exact meaning of the symbols used we refer to FIG. lc. 


After having measured the ultimate tensile load of the CT specimen, 
K1¢ can be determined by means of the following equation /6/ : 








K = y; a 4 

IC “? — (4) 
where Y (<) stands for 

A- Y (2) = 29.6 - 185.5 (2) + 655.7 (2)? - 1017 (2)3 + 638.9 (2)" 5) 

() (") (") i () (5) 












Compression and tension tests at low rate of loading have been carried 
out in a conventional screw-driven universal testing machine with a constant 
preselected speed of the crosshead. Tests at high rate of loading have been 
carried out in a special high speed testing machine. 


All specimens have been sawn from blocks coming from one factory. Three 
different types of material have been tested, i.e. a lightweight L, a normal 
N and a high strength S. 


The compressive and tensile strength as well as the modulus of elasti- 
city of the three different types of material are given in TABLE I. Compres- 
Sive strength and modulus of elasticity have been determined in a conven- 
tional way. Tensile strength has been determined in a centrifuge. 


TABLE I 


Compressive strength, tensile strength, and modulus 
of elasticity for the three different types of auto 
claved aerated concrete examined in this study. 














Type Compressive | Tensile Modulus of 
of strength strength elasticjty 
material (N/mm* ) (N/mm* ) (N/mm* ) 












L 2.29 0.27 1200 









i 0.43 1500 





N 


1700 
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Results 


All experimental results, obtained with a crosshead speed of 1 mm/min 
and by using different specimen geometries, are compiled in TABLE II. Each 
value indicated in the Table is the average of three to nine individual 
tests. In the last column, the overall mean value for the three different 


quality classes is given. 


In order to study the influence of rate of loading on fracture toughness 
of aerated concrete, additional tests have been carried out at higher rate 
of loading. The range chosen covers impact loading conditions. In this test, 
series specimens of beam type A have been used exclusively. All tests have 
been run on normal strength aerated concrete. Results are shown in FIG. 2. 
Ki¢ as well as the rate of loading have been plotted on log. scales. 


Conclusions 


Altogether, six different specimen geometries have been used to deter- 
mine fracture toughness. The experimental values obtained do not depend 
Significantly on specimen geometry. Beams B and C give slightly lower 
values. This geometry is not really meant for tests to determine Krc. It 
has been included in this study for reasons of comparison, because it is 
proposed to determine fracture energy of concrete /7/. 


The stress-crack opening diagram for the CT specimens is nearly linear 
up to the ultimate load. Therefore this test is considered to be valid in 
the case of autoclaved aerated concrete. 


TABLE II 


Ki¢c as determined with different specimen geometries for three 
different, types of autoclaved aerated concrete. All values are given 
in MN/m °“. 





Type of Mean 
material | Ring A Beam A value 





0.059 0.049 


+ + 0.050 
0.011 0.001 





0.078 0.063 


0.004 0.007 





0.10 0.083 
+ + 


0.0012 0.0032 
































If the overall mean values of fracture toughness as determined for the 
three different types of aerated concrete are plotted as function of 
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FIG. 2 : Fracture toughness as function of rate of loading. 


compressive strength fc, one obtains a linear relationship. This is shown 
if F3G. 3, 


From the total force-displacement diagram of beams B and C, the fracture 
energy G¢ can be determined following a procedure suggested by Hillerborg, 
Modéer, and Petersson /7/. The results are shown in TABLE III. From this 
Table it is evident that fracture energy of aerated concrete is about 1/10 
of fracture energy of normal concrete. 


















As shown in FIG. 2 the influence of rate of 
tougness can be represented by a power law : 


loading € on fracture 








FIG. 3 : Fracture tough- 
ness as function of a 
compressive strength. 
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TABLE III 





Material Fracture energy G¢ for 
three different types of 
aerated concrete compared 
Type L to a characteristic value 
Type N of normal concrete. 

Type S 








concrete 














T ° 4 0 
In this equation Kjic stands for the fracture toughness as measured at 
reference rate of loading : and m is a material parameter. 


EQ» 


This result can be compared with the predictions of a stochastic model 
Originally developed to describe the influence of the rate of loading on 
the strength of concrete /8/. 


On a special aerated concrete made with slate waste, G has been 
determined as function of density /9/. For a density of 600 kg/m? a value of 
0.055 MN/m’/* is calculated from their results. This value corresponds 
reasonably well with our findings given in Table II. 
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ABSTRACT 






The paper discusses the statistical evaluation of the effects of ce- 
ment content, water content and superplasticizer dosage on 3 day and 
28 day compressive strength and the modulus of elasticity of a super- 
plasticized concrete. 













Introduction 

Superplasticized concretes have been studied from a number of Authors 
(1-3). 

The statistical approach is an interesting way to evaluate the physical 
and mechanical behaviour of a superplasticized concrete. The statistical ap- 
proach must intervene not only to design the tests, but also to interprete the 
obtained results and define mathematical models, both on empirical and physical 
bases (4, 5). 

In this paper we report the statistical evaluation of the effects of fac- 
tors such as cement content (C), water content (W) and superplasticizer dosage 
(S) on 3 day and 28 day compressive strength, and the secant modulus of elasti- 
city of a superplasticized concrete. 

The present work has been performed on the basis of a factorial experiment 
(6). It is well known that the main advantages of a factorial design are: 
























there are no interactions among the factors, the factorial 
’ 





where 





gives the maximum efficiency in the estimation of the effects; 





—- when interactions exist, their nature being unknown, 





is necessary to avoid misleading conclusions; 






— in the factorial design the effect of a factor is estimat 





levels of the other factors and the conclusions hold over a wide range 





of conditions; 






- by using this type of experiment it 






economic way of designing a set of experiments in order 





required information. 
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Experimental part 





The following materials were used: 

Cement: Portland cement "425" (D.M. 3.6.1968, G.U. n. 180 17.7.1968) 

Aggregates: alluvial aggregates, with maximum size 30 mm, furnished by the 
TEGES S.p.A. (L'Aquila). To make the mixture grading 3 fractions 
of aggregate were used. Two aggregate mixtures were employed re- 
spectively for the cement content 275 and 350 and 425 kg/m? of 
aggregate. This was done in order to mantain the undersize _ per- 
centage to 0.25 mm (including the cement) within the range esta- 
blished by the Standards (DIN 1045, UNI 7163/79) (7). 

Water: drinking water was used. The content was related to cubic metre of 

dry-surface saturated aggregate. 

Superplasticizer: a commercial superplasticizer, "Fluiment", was employed, 
composed of an aqueous solution containing 37% in weigth 
of active substance, resulting from the mixing of a sulpho- 
nated melamine-formaldheyde condensate and a sulphonated 
naphthalene-formaldheyde condensate. 

To carry out the factorial design cement content, water content and su- 
perplasticizer dosage have been considered at 3, 4 and 4 levels respectively; 


the tests were repeated twice. In particular, levels sl 215, c= 350 and 


3 
425 kg/m of aggregate were chosen for cement content; for water content 


a 


the levels were a eed W = y 170 and + 190 kg per cubic metre of 


2 


aggregate; while for superplasticizer dosage the levels were 5, 5° OP aye 


1.0 and S=1.5% by wt. of cement. 


The considered factor variations cover the very wide fields of applica- 
tions ranging from precasting industry to common work-yarde. 

In order to carry out the above-mentioned programme of factorial experi- 
ment, it was necessary to make 3x4x4x2=96 mixtures. 

The mixing of the constituents composing the various concrete mixtures 
was carried out by a laboratory pan mixer with a vertical axis. The concrete 
mixtures were manufactured in a room conditioned at 24+2°C and 70% RH. 

Steel moulds were employed in the preparation of specimens, and the con- 
crete was compacted so as to obtain the maximum density. The fluid and medium- 
consistent concretes were manually compacted by means of standardized rod. In 
case of low-workability concretes, the compacting of the specimens was obtai- 
ned by means of a plate vibrator (SIMBI electromagnetic vibrator, 6000 vivra- 
tions per minute). 

Four cubic and two prismatic specimens were made from each mixture, accor- 
ding to the Standard UNI 6130, and successively cured in a room conditioned at 
20°C and 98% RH. Their demoulding took place 24 h after casting (UNI 6129). 

Compressive strength was measured after 3 and 28 days, according to the 
Standard UNI 6132, by means of a 300 t hydraulic press. 

The secant modulus of elasticity was measured after 28 days, at a peak 
load proof equal to 1/3 of 28 day compressive strength, according to the Stan- 
dard UNI 6556, by means of a 300 t hydraulic press, connecting the strain gauge 
for the reading of strains with a HBM automatical data processing gearbox, mo- 
del UPH 3200. 
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Results 
The obtained results for 3 day compressive strength, 28 day compressive 
strength, 3 day compressive strength expressed as percentage of 28 day compres- 
Sive strength and secant modulus of elasticity are reported, respectively, in 
tables nn. 1, 2, 3 and 4. 


Table 1 
2 
Experimental results: 3 day compressive strength (kg/cm ) 


a 
















































































Table 2 


Experimental results: 28 day Compressive strength (kg/cm) 








Cy C3} C1 2} C3] Cy 
400 627 | 351 
718 | 410 601 | 381 
403 603 | 338 
404 600 | 305 
413 646 | 330 
448 527 | 367 
375 547 | 331 
441 567 | 320 










































































Table 3 
Experimental results: 3 day compressive strength as percentage of 28 
pressive strength. 
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Table 4 
: ae 2 
rimental results: secant modulus of elasticity (t/cm“) 
















































































the interpretation 
and interactions of the various fact were estimated at an 


significance level (6). Fo: s end < ysis of variance was 


si 
determine ! 1g relationships we ificant at a level of 


20,01 Ac) E esults this is are shown in table 


- 


Table 5 


of variance. 
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asticity 


























interactions among them, are statistically signifi- 


Cc 
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levels of significance <0.0 Fo efhis reason, it was not necessary 


mesh of the levels « hese factors and then to perform other 


oll L 


effects of the factors C, W and § 


strength and secant modulus 
abscissae of the graphs cover, witl he same space, the fields of va- 
experimented for the various factors é * the curves of the three 
represents the main effect of f when the effect of the two o- 
is "averaged''. Each curve was obtained by interpolating 3 day 
I strength or 28 day compressive strength or secant modulus of ela- 
sticity values, indicated in the figures with a dot, corresponding to the num- 


of levels at which each factor was considered. Each of these values is in 
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450000, 





= 400000) 








ERG. 13 


Main effects of the 
factors C, W and S on 
the secant modulus of 
elasticity. 
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WATER CONTENT (kg of aggregate) 








the average of a number of experimental values equal to the product of 
the factor levels, 
is represented. 


of 


curves which represent the main effects of water 
ticizer dosage, each point, indicated by a dot, is the 

1, in the case of the cement con- 
erimental values. 


} 


curves representing, in each figure, the shapes of the main effects 
been obtained by interpolating the experimental mean values by means of 
squares criterion. 
<amining the three figures we can note: 
compressive strength increases linearly with an increase in cement 
while 28 day compressive strength and secant modulus of elasticity 
with parabolic shapes. 
day compressive strength decrease parabolically when water 


while the secant modulus of elasticity decreases almost 


Adding a superplasticizer practically does not bring sensible variations to 
3 day and 28 day compressive strength and secant modulus of elasticity; on- 
slight positive influence on 3 day compressive strength and a slight 


tive influence on 28 day compressive strength, is noted. 


O 
shapes of the effects of the considered factors on the 3 measured pro- 


perties, are similar enough, as it is intuitable, because of the relations 
the compressive strengths and the secant modulus of elasticity. 
interpretation of the graphs representing the effect of each single 
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FIG. 4 


Main effects of the 
Factors C, ‘Wand S on 
3 day compressive 
strength expressed as 
percentage of 28 day 
compressive strength. 
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factor, it must be born in mind that the effects of the two other factors are 
"averaged". 
In fig. 4 the effects of the factors C, W and S on 3 day compressive 


strength expressed as percentage of 28 day compressive strength (see table 4) 
are reporetd with the same criteria. 

The examination of fig. 4 shows that: 

the percentage increases linearly when cement content increases; 

the percentage decreases parabolically when water content increases; 

as regard to the main effect of superplasticizer dosage, we can note how 
the values of the percentage are practically the same in correspondence of 
0.5<S = 1.5, while there is a difference in correspondence of S=0. 

In order to see if the difference between the mean values of 3 day com- 
pressive strength expressed as percentage of 28 day compressive strength in 
correspondence of S=O and 0.5< S = 1.5 is significant, a comparison by means 
of t-Student test was performed. 

Comparing the two classes of experimental results, corresponding to S=0 
and 0.5SS=1.5, a value of t=2.494 is obtained. This value is greater than 
(2.372). Therefore the above-mentioned difference is very significative. 


‘0.01 


In order to master this aspect and as examining table 3 it can be noted 
that the difference between the values of 3 day compressive strength, expres-— 
sed as percentage of 28 day compressive strength, for S=0 and 0.5< S=1.5, chan- 
ges as cement content changes, in fig. 5 the curves, showing the shapes of the 
percentage in function of superplasticizer dosage, are reported. Each curve 
has, as its parameter, cement content; the effect of water content is "avera- 
ged". 
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FIG. 5 


Influence of super- 
plasticizer dosage and 
cement content on 3 day 


compressive strength, 
expressed as percentage 
of 28 day compressive 
strength. 
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Experimental results of the additional tests. 
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shapes and the conclusions previously obtained. 

Then we have estimated the significativity of the difference between R- 
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A comparison between R3 expressed as percentage of in corresponde é 
of Co and Cg cement contents was, also, carried out. 
A value of t equal to 1.939, corresponding to a significance leve 3 
for Co, le 1 iu of tT equal CC eee a OoD- 








tained for Cag, making nul the significativity. 
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Based on a critical analysis of the data reported in the literature and 
our own experimental studies relating to the melt and glass formation 
from compositions corresponding to 12Ca0.7A1903 under various atmospher- 
ic conditions, the liquid structure of the melt phase and conditions for 
Stabilization of 12Ca0.7A1903 and 5Ca0.3A1203 in crystalline state have 
been highlighted. The role of "stabilizers" like 0¢-, F-, Cl-, S2- for 
the crystalline structure of 12Ca0.7A1903; effect of temperature and 
atmosphere on melt structure and properties, and conditions favouring 
the appearance of 12Ca0.7A1203 and 5Ca0.A1203 crystalline phases from 
the given melt have been specifically dealt with. 


Introduction 


The calcium aluminates 12Ca0.7A1203(C12A7) and 5Ca0.3A1203(C5A3) are of im- 
mense practical significance in the fields of cement technology and metallurgy. 
While all the initial crystallochemical and structural studies (1-5) of these 
two aluminates revealed that they are two distinct phases having well-defined 
structure and stoichiometry, the conditions of their interconvertibility or in- 
dividual stability were not firmly established. Further, the metallurgical stud 
jes relating to the melts of these compositions had methodological variations re 
Sulting in divergent data. In addition, there has been limited effort to corre- 
late the melt properties and structure of these aluminates with their character- 
istics in glassy and crystalline states. The present paper is an attempt to 
fill up some of these gaps in the existing perception of these two compounds wit 
special reference to the conditions of their interconvertibility. 
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Crystallochemical Characteristics 


The crystal symmetry of Cj2A7 is reported to be T§ (143 d) . The unit 
cell is made up of 4 molecules having the formula Cagq 128066; cieeh 64 atoms 
of oxygen are accounted for and the balance two are located "statistically." 


Because of this structural peculiarity, the following specific features have 
been observed for C12A7 (7-16). 

(a) It is zeolitic in nature, having the capacity to absorb up to 1.3% H90 
from the furnace atmosphere of normal humidity at 950°-1350°C with the formation 
of C1 ]A7Ca(0H)>, which is accompanied with contraction of unit cell and increases 


in density. 
(b) It can also form derivatives like C1zA7CaClo, Cy]A7CaFo and C1A7CaS. 
(c) The anhydrous C}2A7 is stable with absorption of 0.07 - 0.10% excess 
oxygen (15) which is in agreement with the conditions found conducive for growth 
of Cy2A7 monocrystals (6). 


The structural data furnished by different authors (3, 9-10, 17-20) on 
Cy 2A7 and its various derivatives are summarized in Table 1. 


Table 1] 
Structural Parameters of 127 vicdoibonibia and its Derivatives 


Sasdtiun of Peaks : Ref. 
(3) (9,10) 





48e(x,y,z) - 
24d(x,0, 1/4) - 
16c(x,x,x) - 


12b(7/8, 0,1/4) - 
12a(3/8, 0,1/4) - 
Symmetry 143d - 
Crystal Cy A, C144, 
bal 





On the other hand, the structural details of C5A3 are reported in (4,5). 
Its symmetry is CmC2] and the unit cell has 4 molecules (Cag9A124056) . 

From the above crystallochemical data the following tentative observation 
can be made: 

(a) Cy2A7 (with 143d, 2.69 g/cm) has a defect structure which helps in 
Stabilizing its derivatives. 

(b) Conditions of synthesis may alter the symmetry from 143d to 142d. 
anhydrous form is stable only under conditions of higher oxidation potential 
that ensures the presence of excess oxygen in the crystals. 


(c) It is possible that under conditions of deficit oxygen C}2A7 is un- 
stable and Cs5A3 phase stabilizes with denser (3.03 g/cm3) orthorhombic structure. 





G.I. Zhmoidin and A.K. Chatterjee 


Characteristics of the Melt Phase 


The transition of crystalline Cj2A7 into a melt phase is anomolous in the 
sense that its melting temperature ranges from 1380°C to 1415°C (14). The melt 
density (2.75 a/cm3) is higher than the crystal density (2.68 - 2.69 g/cm3) (21, 
22). The viscosity variation of the melt at higher temperatures is also unusual 
(23); the activation energy of the viscous flow shows a sudden change at a tran- 
sition temperature of 1500°C. Experimentally this effect is well reproducible 
near C/A = 0.91 - 0.99. When the temperature is brought down below 1500°C with 
samples having C/A = 0.99, the activation energy increased from 60 + 4 to 108 + 
17 K-Cal/mole and with samples having C/A = 0.91 it increased from 45 + 5 to 80 
+ 8 K-Cal/mole. 

Further, it has also been observed that C12A7 crystals that absorb 1.3’ 

H20 from the furnace atmosphere at 950°C - 1350°C shows reversibility in the 
gain and loss of weight before melting and the reversibility is lost on melting. 
After melting, crystals lose only 0.8% from 1.3% original weight increase (11), 
signifying that a substantial amount of water is retained in the melt. It has 
also been observed that the gas bubbles evolved from the crystals on melting are 
re-absorbed by the crystals on cooling (8). 





Hypothetical Structural Model of the Melt Phase 


The assumption of stability of Al-0 network structure in calcium aluminate 
melts is well known and is based on the presence of similar network in crystal- 
line substances. The increase in activation energy of the viscous flow of the 
melt below the transition temperature of 1500°C, as mentioned above, can be ex- 
plained by complexing of network before crystallization. According to (24), 





this change in activation energy can be related to polymerization of Al-0 anions 
of tetrasilicate type, which, in accordance with the theory of discrete anions 
of Bockris (25), is represented by a 4-layer packet of rings one lying on the 
other as schematically illustrated in Fig. 1. Similar structures have been ex- 
perimentally observed in crystalline silicates (26). 


The pre-crystallization complexing of calcium aluminate melt structure, 
described as a phase transformation of second order (27), in the present case 
may either be explained by change of co-ordination of Al atoms from 4 to 6 above 
oo. (24) or by ordering of network structure without change of co-ordination 
( : 


Polymerization (after Bodkris) of flat three-chain Al-0 rings 
of three-dimensional structures of di- and tetrasilicate type. 
The small and big circles represent aluminium cations and oxy- 
gen anions respectively. The four-chain rings polymerize in 

a similar way. 
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In the present case if the polymerization of the melt structure is presumed 
to proceed with the formation of three-dimensional n-layer packets of k-chain 
rings as depicted in Fig. 1, then in each packet having the general formula 
AlgnO(2kn + k) the stoichiometric ratio of 0/Al is equal to (2n + 1)/n, which 
means that the stiochiometry is determined by the number of layers n in the pack- 
et, irrespective of the number of chains k in the ring. For the aluminate com- 
position having 60 mole % CaO (i.e. 60 Ca0.40 Al203) which shows the change in 
viscosity characteristics, we have 0/Al = 2.25 and n = 4. Therefore, from pure 
geometric considerations, a tetra-anion is obtained. The simplest tetra-anion 
is represented by a 4-layer prism with a ring webs k number of chains as the 
base. In 4- and 5- chain rings, the inside cavity (do = = 1.6A) doesnot exceed the 
size of oxygen atom but in 6-chain rings the cavity size ste ina to 2.84 which 
matches with the size of oxygen atom (29). When the cavity size exceeds that of 
oxygen, the stability of such a structure will come down. In such a situation, 
the presence of larger anions that are capable of filling up such structural 
cavities helps to stabilize the structure. 


In the present case of Cj2A7 melt the abrupt rise in activation energy of 
the viscous flow on cooling the melt below 1500°C apparently denotes gradual com- 
plexing of structure. This is facilitated by reduction in thermal shock with 
decrease in temperature and also by the presence of larger anions that are cap- 
able of filling up the structural cavities. A similar concept may explain the 
role of higher oxidation potential of the atmosphere for the growth of loose 
crystals of C12A7 instead of dense crystals of C5A3. 


Study of Melt Density 


The melt density of C12A7 composition was studied in both reducing and oxi- 
dizing atmospheres. The first experiment was carried out under reducing condit- 
ions by using molybdenum crucibles in a furnace having Fi gli heating elements 
and argon atmosphere with oxidation potential of Pg» < atm (the surface of 
molybdenum crucible became silver white on heating). The second experiment was 
carried out under oxidizing conditions in platinum crucibles, when the working 
chamber of the furnace was separated from the graphite heating element by an 
alumina tube, inside which argon or a mixture of argon with 20% 02 was blown. 


The sample used for the experiments was the melt of C]2A7 composition, 
which was preliminary soaked at 1500°C for 7 hours under the reducing conditions 
and crystallized in the crucible and kept in air for 2 days. After using this 
sample in the first experiment, the same material, crystallized in a crucible 
and kept in air for a week, was utilized for the second experiment. 


In both the experiments the measurements were carried out in accordance 
with the procedures given in (21,22) by dipping capillary tubes to depths of 0-4 
and 4-10 mm (Fig. 2). The density measurements had an error of 0.2%. In both 
the experiments immediately on melting the surface layer was less dense than the 
rest of the melt volume. But under the oxidizing conditions the situation is 
maintained for a longer period than under the reducing conditions. Later, under 
the oxidizing conditions the density of the surface layer rose to 2.738 g/cm, 
pode: that of the surface layer under reducing conditions rose rapidly to 2.788 
g/cm3 exceeding the density of the inner layer by 0.04 - 0.12 g/cm3 which is be- 
yond the limits of experimental error. A high density at the surface layer as 
compared to the lower depths, compelled us to consider the melt as a dynamic mix 
of areas with varying density, forming as a result of deficit oxygen. 


In the oxidizing experiment the drastic decrease in melt density in argon 
(below the density of the crystal) (Fig. 2) is explained by the evolution of 


Experimental Verification of Melt Structure 
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Change in density of the C,2A7 melt, when kept in different 
atmospheres. The solid lines show density of the layer at 
4 - 10 mm depth and the dashed lines represent density of 
the surface layer (0 - 4 mm). 





gases present in the crystals. It was only after 2-3 hours long soaking in ar- 
gon that the melt came to a relative equilibrium: the densities at depth and at 
the surface were equilibrated, exceeding the density of the crystal and attain- 
ing an average value of 2.76 g/cm. However, after 2 hours feeding of argon- 
oxygen mixture to the furnace, the melt surface density again decreased to the 
crystal density and subsequently the density of deeper layers started decreas- 
ing. This process can be explained by the absorption of oxygen by the melt, 
which diffused from the surface without formation of bubbles due to the develop- 
ment of cellular structure areas in the melt, which were close in structure to 
crystalline C1247. 

Rapid crystallization of the melt under oxidizing conditions with subse- 
quent melting (arrows in Fig. 2) resulted in a decrease in the melt density to 
the density values of the crystal. In the first case it happened only at the 
surface and in the second case, at lower depths. A similar operation under re- 
ducing conditions gave a substantially lower effect and the density of the melt 
never decreased to that of the crystal. It was consistently observed that the 
temperature variation with time of the experiment in the range of 1450°-1550°C 
affected the melt density less than the atmosphere or the soaking time. That is 
why the melt temperature measurements are not shown in Fig. 2. 
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Study of Glass Formation 


The possibility of obtaining glass from the melt of C]2A7 was first report- 
ed in (1,2) but the glass was studied later (3, 30). The glass was obtained un- 
der arbitrary conditions of melting in an oxygen flame with quenching of glass 
bead_in water. It was established that the glass has higher density 2.87 - 2.91 
g/cm and refractive index 1.668 + 0.005 than the corresponding crystal (2.69 
g/cm3 and 1.608). 


While measuring the viscosity of C}2A7 melt (23), an attempt was made to 
obtain glass at temperatures above and below 1500°C by congealing the melt on a 
water-cooled copper tube that ensured a rate of quenching of more than 300°/sec. 
From the melt kept in graphic crucibles at 1600°C a homogeneous transparent 
glass was easily obtained but below 1500°C the congealed layer was always micro- 
crystalline. 


The next attempt to obtain glass from temperature fields below 1500°C was 
made by using thin-walled hermetic platinum capsules (14), which raised the quen- 
ching rate to over 500°/sec. and eliminated the contact of melt with the furnace 
atmosphere. In samples quenched at 1380°C original unmelted crystals were pres- 
ent and in the temperature interval of 1380°-1415°C they co-existed with an iso- 
tropic substance having a refractive index of 1.634. Above 1415°C the original 
crystals were absent in the glass but right up to 1450°C quench crystals of 
C)oA7 were regularly observed. The quench crystals could be easily differenti- 
ated from the original crystals by virtue of their cracked appearance. Only on 
quenching at temperatures above 1450°C a homogeneous glass with 1.671 refractive 
index was obtained. However, as in (30), the homogeneous glass showed x-ray 
diffraction lines corresponding to C12A7 phase. 


A new experimental study, described below, was conducted to study the ef- 
fect of furnace atmosphere and soaking time on the glass formation. At 1600°, 
1550° and 1500°C, the soaking time was varied from 15 to 90 min. under three dif- 
ferent atmospheric conditions: in open graphite crucibles, in graphite crucibles 
with screw-in lids and in platinum crucibles in air. The quenching rate in all 
the cases did not exceed 100°/min. In closed tage eae the atmosphere 
was defined by the equilibrium with graphite (Poa = atm) In platinum 
crucibles in air Pop = 0.21 atm. With open ae a the atmosphere 
was of intermediate nature and corresponded to the conditions of viscosity mea- 
Surements (23). The products were analyzed by optical microscopy and x-ray dif- 
fractometry. For single phase specimens the density was determined by hydro- 
Static weighing. 


In open graphite crucibles (Table 2 and Fig. 3), even 15 min. pa at 
temperatures above 1500°C is — to obtain a homogeneous glass with 1.670 
refractive index and 2.96 - 2.98 g/cm? density. On quenching from 1500°C after 
soaking for up to 45 min. the melt crystallized into microstalline C12A7 (n = 
1.609 and p = 2.64 - 2.74 g/cm3) containing numerous inclusions of glass and 
C5A3. With further increase in soaking time it was possible to increase the 
glass fraction but it had a layered structure: the upper part of the column con- 
tained C12A7 crystallites, the lower part showed transparent glass and the inter- 
mediate portion consisted of a mixture of crystallites of C]2A7 and C5A3 and 
glass. Along the graphite crucible walls the surface layer was that of glass 
saturated with gas bubbles and on the open surface there was a foamy layer of 
finely crystalline C12A7, which was never observed on heating the melt to 1600°C 


In closed graphite crucibles the homogeneous glass was obtained at lower 
temperatures with shorter soaking time. At 1500°C the homogeneous glass was ob- 
tained after 30 min. soaking time, but with soaking times up to 15 min. a double 
layer structure was observed for the glass. 
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Table 2 
Glass Formation from Melts Kept in Open Graphite Crucibles 





Temperature Soaking time, t, for the melt 
0.25 0.50 0.75 1.0 








Glass Glass Glass ** 
Glass Glass Glass 
CioAz C1 oAz CoA, + 
Glass 
CaenS + Glass Glass ** 


iz 
Glass 





* Closed graphite crucible 
** Steady crystallization of CA on slow cooling 


Two melts that gave homogeneous glass on quenching were cooled at the rate 
of 15°/min. for crystallization and C5A3 crystals were obtained with n = 1.683 
and p = 3.03 g/cm3 (open crucible, 1600°C, 1 hour soaking and closed crucible, 
1500°C, 1 hour soaking). Further, C5A3 crystals, when melted in open crucibles 


and quenched after 15 min. soaking at 1500°C, coverted fo finely crystalline 
C12A7 but after being overheated at 1600°C for a short while and kept in an open 


crucible at 1500°C for 1 hour, Cj2A7 crystals reconverted to C5A3 (Fig. 3). 
Slow cooling of the melt in air in platinum curcibles either from 1500°C or 
1600°C always led to the appearance of CyoA7 crystals. 
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FIG. 3 


Mutual transformations of C]2A7, C5A3 and glass 
depending on the conditions of heat treatment of 
the specimens in open graphite crucibles. 
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Discussion of Results 





A comparison of the results of the above mentioned combined study of the 
melt and glass formation with crystallochemical data confirms the earlier con- 
clusion (21, 24, 31) regarding the double-structure nature of the melt that en- 
ables one to change the experimental conditions to crystallize either the cellu- 
lar crystals of C]2A7 or dense crystals of C5A3 or to quench it to a dense homo- 
geneous glass. Based on the above-mentioned model of melt structure, the struc- 
tural metamorphosis in the process of heating and melting of C]2A7 crystals and 
the behaviour of the obtained melt on overheating and subsequent cooling are 
described below. 


On heating the original C12A7 crystals before melting, gases are evolved 
from the loose zeolitic structure reversibly without destroying the crystal net- 
work. Only on approaching the melting temperature this network starts restruc- 
turing itself to denser structures of the type CA, C3A and C5A3. This process, 
depending on the presence of microimpurities in the cavities of the original 
Structure, leads to the melting of C]2A7 crystals in the temperature interval of 
1380° - 1415°C with intense gas evolution resulting in foaming of the melt. How- 
ever, even after complete melting and removal of gas bubbles, the melt retains 
a part of "structural" gases in equilibrium with the furnace atmosphere, which 
enables the melt to retain a relict short-range order corresponding to the orig- 
inal C]2A7 crystal. These micro-fields are the ready-made centres of crystalli- 
zation and ensures a high growth rate of C12A7 crystals even with small super 
cooling as noticed by many investigators. At all rates of cooling of the melt 
these nucleii hinder the formation of a homogeneous glass and on quenching give 
a conglomerate of amorphous and finely crystailine areas having an intermediate 
refractive index. Even an otpically homogeneous glass gives x-ray diffraction 
lines corresponding to C]2A7 phase. 


As a result of this peculiarity, the obtained melt is represented by a 
double-structure liquid consisting of microfields of "dense" and "cellular" 
structures. Their ratio depends on the external conditions and can be altered 
by removing from or adding to the melt stabilizing oxygen containing gases. 
Through removal of "structural" gases by raising the temperature, by applying 
vacuum or by holding the melt in reducing conditions, one may destroy the relict 
elements of C12A7 structure and obtain a homogeneous melt that can be quenched 
to a homogeneous glass or crystalline C5A3. 


In order to obtain crystalline structure of CjA7 type from the melt, it is 
necessary to incorporate in it "modifiers" that are capable of initiating the 


development of nucleii for the "cellular" structure. This condition is fulfilled 
when the melt absorbs gases from the atmosphere (02, H20, C02, CO, S03) or when 
CaF, CaClo, CaS, CaSOq, CaC03, etc., are added to the melt. In the first case 
C12A7 weiis,.« ctabtt toed by gases, are crystallized and in the second case, 

One obtains derivatives of this compound. 
















Depending on the external conditions (viz., the composition of microimpuri- 
ties, pressure, atmosphere, etc.) there is a temperature level, above which the 
"cellular" structural groups become metastable and decompose after a period of 
soaking, thus bringing the melt in equilibrium with the surrounding environment. 
In accordance with the concepts of Ubbelode (28), the temperature level of such 
structural transformation can occur below or above the melting temperature. A 
highly sensitive and simple method of detecting it, if it lies above the liqui- 
dus, iS viscosimetry. This is indicated in Fig. 4, in which the transition tem- 
perature (tt,) and liquidus temperature (t]) obtained from the viscosimetric 
data (23) for sections C/A = 0.99 and 0.91 are juxtaposed with the section of 
the phase diagram C]2A7 - CaS taken from Fig. 5. For the conditions of measure- 
ment (23) (open graphite crucibles), the transition temperature of 1500°C occurs 
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Partial phase diagram of the system Ca0-Al203-CaS along lines 
Ca0/A1203 = 0.99 (a) and 0.91 (b). The viscosimetric data (18) 
in solid lines are compared with the results of Fig. 5 (dotted 
lines). 








above the liquidus t; = 1415°C and agrees well with the results obrained from 
glass formation under the same conditions (Fig. 3). If the glass formation is 
carried out under more reducing conditions (closed graphite crucibles) the tem- 
perature is decreased and in oxidizing conditions (platinum crucibles in air) 
it is increased. 







ther external conditions remaining the same, the stability of "cellular" 
Structures, stabilized by gases, is lower than the structure of derivatives, 
stabilized by halogens and sulphur. It is evident from Fig. 5, the derivatives 
of this structure have a sharp melting point and possess all signs of being sep- 
arate compounds, C7 A7CaFo being a congruently melting one and C17A7CaS being 
an incongruently melting type. Both these derivatives form a continuous solid 
solution series with the original compound. The physical characteristics of 
crystals of these compounds, as obtained by us, are given in Table 3. 










The removal of stabilizing additives from C]2A7 compound or its melt leads 
to densification of the structure with the formation of Cs5A3 and, in some cases, 
a mixture of C5A3, CA and C3A. How to depict it in a phase diagram still re- 
mains problematic. 








Table 3 
Comparative Characteristics of Crystalline Phases 




































Refractive Density Hardness Nature of 

Index g/cm3 Hp kg/mm? melting 

C1 A, 1.608 2.683 1000 Anomalous 
C,,AzCaF, 1.602 f.d40 700 Congruent 
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FIG. 5 


Phase equilibrium diagrams of joins C12A7-C11A7CaFa 
and C12A7-C1jA7CaS obtained by quenching in hermetic 
platinum capsules. 
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ABSTRACT 
The evolution of the phases of a commercial clinker in relation to the 
time and temperature on the clinkerization has been studied. The in- 
fluence on this evolution by the addition of a smal] auantity of fluor- 
spar (~ 0.2%) has been determined. The work was basically supported by 
a study carried out by IR spectroscopy. 


Introduction 


The use of fluxes and mineralizers to facilitate the process of clinkeri- 
zation goes back many years. Klemm and Skalny (1) did a good and complete re- 
view about fluxes and mineralizers. The concept of using such fluxes and min- 
eralizers to burn normal raw mixes at a much lower temperature for the sole 
purpose of reducing the fuel requirements of the kiln, has begun to be serious- 
ly considered in the last few years. An effort to study these kinds of com- 
pounds has been made. Among these compounds, fluorides and silicofluorides 
have been studied more, although they have rarely survived commercially, owing 
to the rapid deterioration of refractory kiln linings and the effects on set- 
ting time and strength. 


The possibility of reducing energy expenses in the clinkerization process 
by adding to the raw mix a small quantity of fluorspar (approximately 0.2%, 
since the initial criterion adopted is the weight relation CaC03/CaFo = 400), 
has been studied in this paper. For this purpose, the evoiution of the stli- 
cates, aluminates and ferrites in function of time and temperature of clinkeri- 
zation has been compared between samples with an addition of CaFo, and with 
additive-free samples. The study has been basically led by the IR spectroscopy 
supplemented for the data obtained by XRD, DTA and TGA, optical microscopy and 


free (uncombined) lime analysis. 





Experimental Procedure 





The materials used were Spanish commercial raw mix, and a Spanish commer- 
cial fluorspar, of 97% purity. The composition of the raw mix was determined 
by chemical analyses and is given in Table I. Starting with this raw mix, which 
will hereafter be referred to as raw mix A (fluoride - free control samples), 
and of this same raw mix to which fluorspar has been added (0.2%), which will 
be referred to as raw mix B, the following operations were carried out: 
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Table I 
peas i ; Si0, Al,0. Fe0, V 3 Nao0 K50 
33.90 0. 14.13 4,14 1.76 43.45 .8] 0.50 0.23 0.63 


- Study by DTA of the thermal behaviour of raw mixes A and B. 


The curves of DTA, DTG and TG of raw mix A can be seen in Figure 1. These 
curves, which are very similar to those of raw mix B, have several thermal in- 
dications between 25 and 1450°C corresponding to chemical or physical transfor- 
mations within the samples. 

- Sixteen pellets from raw mix A and 16 from raw mix B were made up in a hy- 
draulic press using a cylindrical mould of 2.5 cm inner diameter. Each pellet 
weighed »v 4 gr. 

- With the object of knowing exactly what phenomena caused the thermal indicat- 
ions registered in the curves of DIA, DTG and TG, and the influence of fluorspar 
in these phenomena, a number of clinkerizations were carried out followed by air 
quenching on the pellets of raw mixes A and B. 


The burning temperatures were 1160, 1200, 1250 and 1340°C respectively (tem- 
peratures before and after the thermic indications observed by thermal analyses). 
The heatings were carried out isothermically and the time in the furnace was 15, 
20, 25 and 30 minutes for each sample. 


- Qnce the samples underwent the thermal treatment their content of free lime 
was determined and they were also analyzed by XRD and IR spectroscopy with the 
object of obtaining information about their mineralogical composition and the 
variation of this with the temperature and the time of clinkerization. Like- 
wise, the samples burned during the 30 minutes were submitted to treatment with 
methanol and salicylic acid (Takashima attack) with the object of separating the 
Silicates and free lime from the aluminates and ferrites. In this way the evo- 
lution and composition of the "liquid phase" could be studied through XRD and 
IR spectroscopy. 


Studies were made of the behaviour of raw mixes A and B, subjected in the 
TA furnace to a programmed thermic treatment (V = 8°C/min.) up to a temperature 
of 1450°C. During the heating, an exothermic descent of the base line between 
1160 and 1200°C, followed by a strong exothermic peak with a maximum of 1250°C, 
was observed in the DTA curve of the two raw mixes A and B (Fig. 1). This in- 
dicates that C3S, CoS, ferrites and aluminates are being produced. At 1290 and 
1320°C two endothermic peaks, due to successive melting of compositions which 
reach invariant points, can be observed. During the cooling it can be seen 
in the DTA curve two exothermic peaks: the first at 1225°C is intense and is 
due to the solidification of the liquid phase which was formed during the heat- 
ing, and the second at 1010°C is of little intensity and is due to the solidi- 


fication of KySOq present in the raw mixes. 


The clinkers proceeding from the TA were studied by XRD, IR spectroscopy 
and optical microscopy. By means of these techniques, better crystallization of 
the silicates and worse crystallization of the aluminates in the clinker with 
the addition of CaFo, could be observed. 

In order to know exactly what phenomena caused the thermal indications reg- 


istered in the curve of DTA and the influence of fluorspar in these phenomena, 
the raw mixes were heated at the temperatures and durations mentioned in the 
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FIG. 1 
DTA, DTG and TG curves of raw mix A. 


















experimental procedure and continuously quenched by air. The results of analyz- 
ing the clinkers proceeding from the quenchings by XRD (only those corresponding 
to the raw mixes which remained 30 minutes in the furnace), as well as the resi- 
due of the same, by subjecting them to the Takashima attack, are given in Table 
II. The analyses of these clinkers by IR spectroscopy (Figs. 2 and 3) agree 
with the results obtained by XRD and also contribute some other data of interest 
such as: 


- In the spectra of the residue obtained by submitting the clinkers to the Taka- 
shima attack, the appearance of bands in 600-700 and 1100-1200 cm-! characteris- 
tic of sulphates, were observed. These bands are identified as syngenite, K2S0q, 
ettringite, CaS0q.2H90, etc. or mixtures of them. No interpretation has been 
made of the variations of these bands as to temperature, because there are seri- 
ous doubts that the Takashima attack may in some way affect the sulphates, even 
facilitating their meteorization. 


- The appearance of the characteristic bands of C]2A7 in the spectra of the 
clinkers obtained at 1160 and 1200°C are observed; however, it is important to 
note that the IR spectrum of C]]A7CaFo is very similar to that of C]2A7, being 
hard to differentiate between them in samples like the ones studied. In these 
spectra, bands were observed in 990, 940 and 920 cm-!, which indicates vibrations 
of Si0q4*” tetrahedra within the aluminates lattice. The spectrum of the fluor- 
ide-free clinker obtained at 1200°C has weak bands characteristic of cubic C3A. 


















- In the spectrum of the fluoride-free clinker obtained at 1250°C, the disap- 
pearance of the characteristic absorptions of C1 A7 is observed; however, C12A7 
is detected in the clinker with the addition of CaFoa. 






¥Yo!l. 14, No. 3 
M.T. Blanco-Varela, et 


Table II 
X-ray Data of Samples A and B Heated 30 Minutes 


(Intensity of x-ray diffraction: xxx=strong; xx=moderate; x=weak; o=no signal) 


SAMPLES WITHOUT FLUORSPAR SAMPLES WITH FLUORSPAR 





CLINKERING TEMPERATURES (°C) 





- 


1160 | 1200 1250 1340 1160 1200 


























COMPOUNDS DETECTED 



































eh and cubic C3A is found in both clinkers, A and B, at this temperature 
,* 


(1250 A broad band in 970 cm-! due to vibrations of Si0q-4 deformed tetra- 
hedra is also found. 


- At 1340°C, NCgA3 and orthorhombic C3A are observed in both clinkers, A and B. 
The two spectra have the absorption band of Si044- in 960-980 cm-!. Between the 
two spectra there is little difference - the sharper bands are found in the 
fluoride-free sample. 


- The ferritic phase increases its content in Al from 1160 to 1250°C, j.e., 
while the IR spectra of the samples quenched at 1160°C have the characteristic 
bands of CqAF, the ones of the samples quenched at 1250°C have altered these 
bands. Even new bands appear. This means that the composition of the ferritic 
phase is between C4AF and Ce6A2F. This phase is now less crystallized than be- 
fore. At 1340°C the ferritic phase is CgAF, but the crystallization is not as 
good as at 1160°C. 


Table III shows the results of the analyses of free lime in the clinkers 
obtained after the quenchings. 


Discussion 
Evolution of the Silicates 


Having analyzed the results provided by XRD and IR spectroscopy, it may be 
deduced that the influence of fluorspar on the formation of the silicate phases 
was as follows: 


- According to the temperature at which the quenching took place, the stable 
polymorphic of CoS changes. At 1160 and 1200°C, B-CS was found; at 1250°C, 
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FIG. 2 
IR spectra of clinkers A and B 



















a transition formed between g and a'-CoS and at 1340°C the stable form is a'- 
CoS. Bue to displacements of the bands v3 Si0q in 990 and 850 cm™! toward lower 
frequencies, a'-C9S could be identified. 


- The C35 was detected in the raw mixes with fluorspar at 1160°C while in the 
fluoride-free samples, the C3S was not detected until 1200°C. This fact diverges 
Slightly from the affirmation of Gutt and Osborne (2) that when there is F~ in 
the system the lowest limit of the field of stability of C3S is found at 1170°C. 
However, the fact agrees with Mukerjii (3) who says that the lowest limit of the 
field of stability of C3S is 1107°C in the system C-S-CaFo, although this author 
does not take in consideration the existence of 3C3S.CaFo. 


- The CaF2 also increases the velocity of the formation of C3S at any tempera- 
ture (in the interval of those studied), a fact that is deduced by the greater 
intensity of the peaks of XRD and by the lessening of free lime. It agrees with 
the results of several authors (4,5,6). 
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FIG. 3 
IR spectra corresponding to the residue obtained when 
submitting clinkers A and B to the Takashima attack. 
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Table III 
Results of the free lime analyses made in the clinkers A and B 


| CLINKERING TEMPERATURES (°C) 
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- Finally, the form of the bands of the IR spectra due to silicates indicates 
a greater structural order provoked by the F-. 


Evolution of the Liquid Phase 


The evolution of the components of the so-called "liquid phase" with tem- 
perature and the presence or absence of fluorspar may be described in the fol- 
lowing manner: 






Ferritic phase. The ferritic phase may be considered as a solid solution 
of a general formula Co(Aj_yF,) in which x may have values between 1 and 0.33. 
The formation of this phase may be from C>F and later Fe substituted by Al. The 
structure is orthorhombic, having tetrahedral and octahedral coordinations. 
Initially the Al substitutes Fe in the tetrahedral coordination and later tetra- 
hedrally and octahedrally. In this manner composites are formed according to 
the following sequence: Al Al Al 

C.F ——> CeAF. —> CAF > CeAaF 
As the proportion of Al increases in the general formula of the ferritic phase 
Co(Aj_xFy), the following are observed in the corresponding spectra (7): 


















1°. - Appearance of bands characteristic of Al0,, i.e. absorptions in 780, 
and 830 cm~! and perhaps bands characteristic of Al0;- in 400-600cm7'. 
Simultaneously, a lessening of the absorptions in 600-700 cm! (vi- 
brations of Fe0q) and also in 400-450 and 300-400 cm-! (vibrations 
of Fe0g ) is observed. 








2°. - As the substitution of Fe by Al increases, the intensity of the bands 
in 700-800 cm-! increases and above all the intensity increases in 
450 cm-!. The outline of the bands varies progressively. 







3°. - The bands vary toward higher frequencies as the proportion of Al in- 
creases. 


On comparing the variations which, in the IR spectra, are experienced by the 
bands of adsorption corresnonding to the ferritic phase when the temperature in- 
creases from 1160 to 1250°C it is deduced that initially at 1160°C there exists 
a ferritic phase with a composition like CgAF and as the temperature increases, 
the phase reaches a composition compressed between Cq4AF and CEA2F. It may be 
affirmed (from the form of the bands) that the ferritic phase is well crystal- 
lized at low temperatures (up to 1250°C). 
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On reaching 1340°C, the interstitial phase melted and on quenching there 
remained a ferritic phase very rich in Fe and a poorly crystallized and vitreous 
phase rich in Al. 


Aluminates. CA: Pure C3A is cubic with a parameter of unit element = 
15.263 + 0.003 A. This compound admits oxides as impurities (up to certain pro- 
portions) in its lattice, which substitutesatoms of Al and/or Ca and which pro- 
vokes variations in the size of the parameter of the lattice but which does not 
cause a change of symmetry from cubic to orthorhombic. Thus, the Al may be sub- 
stituted by Fe (8,9) or Si (10) up to certain limits causing increases in the 
size of the unit element as in the case of Fe, or reductions in the case of Si. 
Naturally, for a correct balance of loads when it is the Si which replaces Al, 
there are two options: one atom of Si replaces two atoms of Al. In this way, 
the remaining one extra oxygen must be accommodated in the structure or 4 atoms 
of Al replaced by 3 of Si, a vacant hole thus remaining. 


The Na90 replaces the CaO, and as this replacement is taking place, the 
parameter "a" of the unit element slowly lessons until the concentration of 
Nao0 reaches 3%. From this moment, the C3A, which is still cubic, changes to 
orthorhombic (10). 


In the IR spectra of the residue obtained after submitting the fluoride- 
free clinkers to the Takashima attack, the appearance of the characteristic 
bands of C3A was not observed in those samples heated below 1200°C. The spec- 
tum of the sample heated at 1200°C has weak bands which are characteristic of 
the ring Alg01g of the cubic C3A. In the spectrum B (sample with fluoride) at 
this temperature, these absorptions do not exist. 


At 1250°C, both spectra A and B have the absorptions of the cubic C3A. Per- 
haps the effect of the fluoride in these samples is_ not a strong one, neverthe- 
less a variation is observed in the band in 910 cm-! which can be assigned to 
the vibrations stretching 0-Al-0 (11). It is also observed in the two spectra 
the appearance of a broad band in 970 cm-! due to deformed tetrahedra Si0q which 
replaces Al0q4, also deformed withinthe structure of the cubic C3A. 


In the spectra of the samples heated to 1340°C, little bands, due to orthor- 
hombic C3A, are seen. This is due to the presence of impurities (for example 
Na*) and the substitutions of Si0q - Al0q in the lattice of the C3A. 


NCgA3: The existence of NCgA3 in the clinkers is a function of two vari- 
ables: content of Na20 and speed of cooling. Suzukawa (12), in his studies of 
NCgA3 affirms that with the presence of an excess of Nao0 and rapid cooling, 
this composite is obtained, while if the cooling is slow, C3A and NagSOq are ob- 
tained. In the opinion of this author, the NCgA3 contains some Si09 in its 
Structure due to partial substitutions of Pieced, Aree tl by sodium-silicon. 
Thus, in the clinkers of high temperature (1250 and 1340°C), since there already 
existed C3A with Si0q in its lattice and the Naz0 was present, NCgA3 was formed, 
which on being subjected to rapid cooling remained stabilized as such and was 
not transformed into C3A. 


The lines of diffraction of NCgA3 are very similar to that of C3A; thus 
the NCgA3 was identified as C3A by XRD. However, in the IR spectra, the bands 
appearing in 865, 798, 725, 530, 520, and 400 cm-! are interpreted as character- 
istic of NCgA3 (13). 


CoAS: The gehlenite is an intermediate compound within the process of 
Clinkerization which is initially formed by solid state reactions. As the tem- 
perature is increased, gehlenite reacts to produce C3A and CoS (14). The con- 
tent of gehlenite in the clinkers diminishes progressively when the temperature 
increases. At 1250°C gehlenite was not found. At 1160 and 1200°C, a higher 
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proportion of gehlenite was found in the fluoride-free samples, i.e. fluorides 
inhibit, partially at least, the formation of gehlenite. It was also observed 
that the C12A7 formed, increased as the gehlenite diminished (in those samples 
with CaF). This is probably because the addition of CaF to the system ex- 
tends the primary field of Cj2A7 ss (15). 








C12A7 and C;7A7CaFo: As reported in the results, the IR spectra of our 
clinkers have the bands of the Cj2A7. We also found three bands in 990, 940 and 
920 cm~! which can be assigned to different vibrations of tetrahedra of Si04 
within the structure of the aluminates. The highest frequency absorption is due 
to tetrahedra of Si0q, probably deformed, which replaces tetrahedra of Al0q, 
also deformed. This band in 990 cm7! does not change either when the tempera- 
ture changes or with the addition of CaFo. However, the bands in 920 and 940 
cm-! change as the temperature increases and for the same temperature with the 
addition of CaFo. 


These facts are interpreted in the following manner: 










The C12A7 can introduce within its lattice, tetrahedra of Si0q which re- 
places tetrahedra of Al0q. It originates the absorptions in 990, 940 and 920 
cm~!. When there is fluoride in the system, the compound formed is the C1 1A7CaFo 
which prevents the tetrahedra of S104 (those responsible for the vibrations in 
940 and 920 cm-!) to be icluded within its lattice. 


To summarize the evolution of the aluminates, it can be said that at 1160 
and 1200°C, the clinkers have a phase similar to Cj2A7; at 1250°C they have 
cubic C3A and at 1340°C a phase like NCgA3 with orthorhombic structure. 










All the phases mentioned are not pure ones. All have Si0q which replaces 
Al0q- Of course, because of the correct balance of loads, the substitutions 
can be multiple ones, for example CaAl-NaSi giving in the case of the C3A a 
phase like (16): 







((C855_ (nam)! 8 (on4m)) 724n Al gg_m>tm)49°1 44) 


Han, et al. (16), considered that the multiple substitutions involve the for- 
mation of a solid solution in C3A with this general formula: 






(Ca) 79_ (nam) (N8 (onam))) z24n AT) gg- (mez) (S74 (m+3/4z) !48-1/42) 9144 


With regard to C}2A7, Jeevaratnam, et al. say that Cy9A7 contains two re- 
active 02- per cell which may be wholly or partly replaced by up to four unival- 
ent ions with only slight concomitant changes in cell size and density. Thus, 

by mean of the substitution of one of these 0¢-, the C1 ]A7-CaFo may be formed. In 
the samples under study, substitutions of Si0q4-Al0q4 within the lattice of the 
C]2A7 are observed. These substitutions may be like Si X-CaAl (X=Na,K). It 
would produce a phase like Cajz9_,Alqq4-nSinXn033. The substitutions Si04-A10q4 

are not admitted in the lattice of the C1jA7CaFo as easily as with the C]2A7. 









Finally, in the IR spectra of the samples heated at 1340°C, it is observed 
that the incorporation of strange ions within the lattice of C3A produces a 
“Sh change in the symmetry of the rings Alg0}g. It is explained as a change 
C3-C;. It agrees with Boikova, et al. (11). 











Influence of the Time Clinkerization in the Speed of Reaction 





All the thermic treatment applied to the samples under study were carried 
out at different times (15, 20, 25 and 30 minutes) with the object of studying 
the influence of the time of clinkerization in the velocity of the reactions. 
The results obtained on anlayzing all the clinkers by XRD, those obtained by 
analyses of the free lime given in Table III, and those obtained on analyzing 
the free lime at the temperatures already mentioned but during 5 and 10 minutes, 
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show that at low temperatures (up to 1200°C) the reactions are totally completed 
between the first 10 and 15 minutes of the reaction; at worst, the difference of 
the lime combined at 10 and 30 minutes, is in the order of 4%. 


At high temperatures (1250 and 1340°C), when we compare the combined lime 
at 15 and at 30 minutes, the difference of 4% decreases by ».2% in relative value. 
This 2% difference now has a greater importance since the lime must be totally 
combined. At a high temperature, the formation of phases is carried out in its 
majority during the first 15 minutes of reaction, although the effects on the 
samples of greater period in the furnace is more important than lower tempera- 
tures. 

Conclusions 

From this work, the following conclusions can be made: 

1) Fluorspar, even when used in a small proportion, lowers the temperature 
of the formation of C358 and increases the speed of the formation of the silicates. 

2) Fluorspar stimulates the discomposition of the gehlenite favouring simul- 
taneously the formation of C1 ]A7CaFo between 1160 and 1200°C. 

3) As the gehlenite decomposes in the presence of fluorspar between 1160 
and 1200°C, CoS, cubic C3A and/or C1]A7CaFo are formed. 

4) Substitutions $i04-Al0q are admitted within the lattice of C]2A7. These 
Substitutions are partly prevented when substitutions F--0 -12 take place within 
the C12A7 to produce C;jA7CaF>. Thus be means of IR spectroscopy, it is possible 
to discern between C12A7 and C11A7CaFo in similar samples to those already stud- 
ied. 

5) An increase of the temperature from 1160°C until the formation of the 
liquid phase, produces in the ferritic phase of these clinkers, a progressive 
enrichment in aluminium. On passing the melting temperatures of the ferrites and 
aluminates and later cooling the clinker rapidly, a crystallization (poor) of a 
ferritic phase rich in Fe is produced. 

) The reactions are mainly produced before the first 15 minutes of keeping 

the samples inside the furnace. 

7) It will be necessary to study the way of increasing the speed of react- 
ion between 1160 and 1250°C and attempting to lower the temperature of formation 
of euthectics. 
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ABSTRACT 
In a cement plant, it was found that the cement ground in the labora- 
tory mill showed higher autoclave expansion than the cement produced 
in the plant mill, although both of them were of the same specific 
surface (Blaine) area. DTA of the laboratory ground (autoclaved) 
cement showed only one endothermic peak corresponding to one dissoci- 
ation temperature of Mg(0H)9, while that of the plant cement showed 
two dissociation temperatures. It has been found that a wide range 
of particle size of periclase is responsible for two dissociation 
temperatures of Mg(0H)? produced in the autoclaved cement samples. 

It has also been established that periclase of narrower particle size 
range causes higher autoclave expansion than an equal amount of peri- 
clase of wider particle size range, although the latter may contain 
some coarser periclase than the former. Thus the difference in auto- 
clave expansions of plant and laboratory ground cements is attributed 
to the difference in particle size ranges of the periclase present in 
the cement samples. 

















Introduction 








The causes of unsoundness of cement and the influence of different param- 
eters on the degree of autoclave expansion have been examined by a number of in- 
vestigators (1-7). There seems to be a general acceptance among the researchers 
that high MgO and 3Ca0, Al203 (C3A) contents of the clinker are the two most im- 
portant factors for causing unsoundness of cement and parameters like fineness 
and mineralogical and chemical compositions of the raw mix, burning and cooling 
processes of the clinker and the fineness of the cement have significant influ- 
ence on the resultant autoclave expansion. Although generally clinkers having 
MgO content of 3.5% or less are found to be sound, in certain exeptional cases, 
cement even with this level of MgO shows unsoundness. This aspect has also been 
examined by a number of workers (1,2,4,6). Another peculiar pehnomenon is that, 
sometimes cement ground in the laboratory ball mill shows higher autoclave ex- 
pansion than the cement produced from the same clinker grinding in the plant 
mill at the same specific surface (Blaine) area. Recently, Dreizler (5) has re- 
ported that during his investigations, while the cement ground in a laboratory 
mill from pure portland cement clinker of high MgO content did not pass the 
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soundness test, he got mostly very low expansion values for the industrially 
produced cement. The aim of the present investigation is to examine this phe- 
nomenon of difference in autoclave expansions of laboratory- and plant-ground 


cements. 


Experimental 





Cement and clinker samples were collected from a plant, where the differ- 
ence in autoclave expansions of laboratory ground cement and plant cement was 
reported. The plant has two kilns of almost equal capacity, one with planetary 
(Kiln-I) and the other with grate cooler (Kiln-II) systems. In the plant, clink- 
ers from both the kilns are ground together. For laboratory prepared cement, 
clinkers were collected from the cooler mouth of each of the kilns. For a com- 
parative study, clinkers produced on different days were taken for autoclave 
tests. Chemical composition with free lime % of different clinkers are shown in 
Table I. Laboratory cement was prepared by grinding in a small ball mill of the 


Table I 
Chemical Composition and Free Lime % of the Clinker Used 





Clinkers Constituents (wt. %) 


for Si0 Al,0, Feo0. MgO Free CaO 








2 
Cement 1] : 6 
Cement 2 ; .0 
Cement 3 : .8 





of 450 x 450 mm, keeping clinker/gypsum ratio identical to that of the plant 
cement. The same gypsum was used in both the plant and laboratory-cements. At- 
tempt was made to keep the specific surface (Blaine) area of the laboratory ce- 
ment as near as possible to that of the plant cement. 


Both laboratory ground and plant cement were autoclaved at a saturated va- 
pour pressure of 2] + 1] kg/cm, 215.7 + 1.7°C for 3 hours. Expansion of the 
autoclaved samples was determined as per IS:4031 also tested by Le-Chatelier 
method. For a supplementary work, periclase (MgO) was ground to different fine- 
ness and then hydrated by autoclaving in the same condition as used for the ce- 
ment samples. Combined DTA/TG of the autoclaved cement samples and hydrated 
periclase Mg(OH)2 was carried out in the Netzsch Simultan Thermo Analysis, Model 
429 with potentiometric recorder up to 1000°C. The rate of heating was kept 
constant at 10°C/minute. The weight of the sample taken for analysis in all 
cases, was 100 mg. The recorder speed and sensitivity were maintained identical 
in all cases. 


Results 
Autoclave expansions 


In Table II, Blaine area and autoclave expansion of some of the cement sam- 
ples tested during the investigation are shown. It is found that all the plant 
cement samples (Nos. 1.1, 2.1 and 3.1) show lower autoclave expansion (<0.8%, 
maximum autoclave expansion %, acceptable per IS:269, 1976) while all the cement 
samples ground in the laboratory ball mill from the same clinkers show higher 
autoclave expansion (>0.8%). In Table III, autoclave expansion of different ce- 
ment compositions in addition to certain quantities of periclase of different 
particle size ranges are shown. It is found that in all compositions, addition 
of periclase of -63+45 micron size produces more autoclave expansion than that 
of equal amount of -90 micron size, which contains 41% grains above 63 micron 
size. 
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Table II 
Autoclave Expansion and Corresponding DTA Characteristics 
Fineness a) Ac aan ae 
(Blaine Autoclave ° 
uric ian arga) Expansion §— -7re-I55-aeg 7S STO 20 
cm2/gm Se Ree tei ee eres ening ey 
Cement 1 
1.1 Plant 2714 0.37 px P P 
1.2 Lab (Kiln-I 2784 3.8 6 7 
clinker) 
1.3 Lab (Kiln-II 220) 4.2 p p 
clinker) 
Cement 2 
2.1 Plant 2965 0.6 P P P 
2.2 Lab 2881 4.6 P ° 
Cement 3 
3.1 Plant 3840 0.78 P P P 
3.2 Lab 3748 4.8 P P 





* 
P = Present 





DTA/TG of the autoclaved samples 





DTA/TG of a number of autoclaved plant and laboratory ground cement samples 
was conducted simultaneously. The DTA peak characteristics of some of the sam- 
ples are summarized in Table I and are shown in Figs. 1 and 2. The plant cement 
Samples are characterized by three endothermic peaks at (410-420°C), (460-475°C) 
and (510-520°C). The DTA curves of the corresponding laboratory cements do not 
record the endothermic peak at 460-475°C. The peak at 510-520°C is due to 
Ca(OH)> present in the sample (8). The other two peaks are identified to be of 
Mg(OH)o (9). The most significant feature in the DTA curves is the disappear- 
ance of the endothermic peak at 460-475°C in the laboratory ground cement and 
corresponding increase in volume of peak at lower temperature. 


Table III 


Autoclave Expansion in Presence of Periclase of Different Ranges 
of Particle Size 
(-90 micron material contains 41% periclase of +63 micron) 








Seite Cake ¥ Sane Additional Size of additional Autoclave 

“A OPC HAC” of periclase periclase expansion 
/ ‘ % — (in micron) , 

is] 100 0 0 0 - 0.78 
l«e 99.9 0 0 0.1 -90 8.77 
en 99.9 0 0 0.1 -63+45 9.47 
i3 0 86100 0 0 ~ 0.049 
Lue 0 98.5 0 Tee -90 0.104 
2 0 98.5 0 1.5 -63+45 0.110 
ce 0 10 90 0 - 0.038 
4 0 9.7 90 0.3 -90 0.093 
3.3 0 9.7 90 0.3 -63+45 * 





Could not be measured as the bar got crumbled. 
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FIG. 1 FIG. 2 
DTA/TG curves of autoclaved DTA/TG curves of autoclaved 






plant cement. laboratory ground cement. 








DTA/TG of pure Mg(0H)> 


To examine the reason for the appearance of double endothermic peaks for 
Mg(OH)> in the autoclaved plant cement samples, a number of Mg(0H)2 samples 
were prepared by autoclaving nericlase of different particles sizes and then 
examined by DTA. It is found that DTA of Mg(0H)9, prepared from +45 and -45 
micron periclase showsendothermic peak at 440°C (Fig. 3) and 420°C (Fig. 4), 
respectively. But DTA of a sample prepared from periclase of two distinct par- 
ticle sizes (equal amounts of -45+10 micron and -10 micron size) shows an endo- 
thermic peak at 435°C with a shouldering at 380°C (Fig. 5). From the DTA of 
these three Mg(0H)2 samples, it is evident that Mg(0H)? samples produced from 
periclase of different particle sizes dehydrate and consequently produce endo- 
thermic peaks at different temperatures. Finer grains show endothermic peak at 
lower temperature than the coarser grains. Mg(OH)> produced from a mix of two 
grain sizes, shows two endothermic peaks. 

















Discussion 


From Table I, the difference in autoclave expansions of plant and labora- 
tory ground cement samples is quite evident. The laboratory cement samples 
prepared from both the kilns are unsound. Contrary to the general expectation, 
in the case of laboratory cement from the kiln I with planetary cooler, auto- 
clave expansion is 20% less than that of the cement produced from the kiln II, 
with grate-cooler. No doubt, in general, there exists a relationship between 
clinker cooler system and content and grain size of periclase and from this as- 
pect, grate-cooler is accepted to be preferable to the planetary cooler. But 
in many cases, it is not possible to locate any direct relationship between the 
soundness of the cement and the type of clinker cooler used (5). In fact, sim- 
ilar to the present findings Dreizler (7) also reported that one clinker cooled 
in a grate-cooler showed higher autoclave expansion than clinker cooled in a 
satellite cooler. Thus it is understandable that degree of autoclave expansion 
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DTA/TG curves of 
Mg(0H)o prepared from 
+45 micron periclase. 




















of the sample. 













sizes produces two peaks. 
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FIG. 4 


DTA/TG curves of 
Mg(OH)> prepared from 
-45 micron periclase. 








Temperature °C 





FIG. 5 


DTA/TG curves of 
Mg(OH)2 prepared from 
periclase of two 
particle sizes. 


of cement can not be always directly connected with the cooling system and con- 
sequently to the temperature of the clinker at the discharge end of the kiln. 


Le-Chatelier expansions of both the plant and laboratory ground cements are 
found to be the same (about 1 mm) and so, it is understandable that the differ- 
ence in autoclave expansions is only due to the nature of the periclase content 


DTA curves of the autoclaved cement samples can be classified into two dis- 
tinct groups, one for the plant cement with two endothermic peaks for Mg(0H)2 
and the other for the laboratory ground cement with only one endothermic peak. 
This suggests that autoclaved cement samples with two dissociation temperatures 
for Mg(0H)> produces less expansion than that with only one dissociation temper- 
ature, although both the samples are prepared from the same clinker. 
disappearance of the endothermic peak at 460-475°C can be clearly correlated 
with the higher autoclave expansion of the laboratory ground cement. 


From the DTA of the pure Mg(0H)o of controlled periclase size, it is found 
that periclase of limited grain size produces one peak, while a mix of two grain- 
It suggests that periclase in the plant cement with 
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two peaks in the DTA curve is of wider size range than that in the laboratory 
cement, which produces only one peak at lower temperature. It seems that in the 
laboratory mill coarser periclase gets reduced in size and then exists in a nar- 
rower range of particle size. But in the case of the plant mill, some coarser 
periclase remains as such even when the cement is ground to a Blaine area higher 
than that of laboratory cement and accordingly produces a wider range of parti- 
cle size. 


From Table III, it is found that in any cement composition, periclase of 
-63 +45 micron size produces higher autoclave expansion than the equal amount of 
periclase of -90 micron size although the latter contains 41% grains above 63 
micron size. This shows clearly that periclase of narrower range of particle 
size produces higher autoclave expansion than the equal amount of periclase of 
wider range, although the latter may contain some coarser particles than the 
former. As the DTA of the laboratory ground (autoclaved) cement also shows a 
narrower range of periclase size than that of the plant cement, it is understand- 
able that particle size range of the periclase is responsible for the difference 
in autoclave expansions of the two. In a somewhat similar investigation, Frig- 
jone and Marra (10) while examining the relationship between particle size dis- 
tribution and compressive strength in portland cement, also demonstrated that 
volume of the hydrated product increased when the granulometric range decreased. 


The fact that clinkers of the same production, ground at the same Blaine 
area in different tube mills, have sometimes different rates of hardening and 
consequently different michanical strengths is known and has been attributed to 
their difference in particle size distribution (10). This suggests that even 
the same type of mills may produce cement of different particle size ranges. 
Thus, it is conceivable that the changes in the width of granulometric ranges of 


periclase, leading to the difference in autoclave expansion of plant and labor- 
atory ground cements, are caused by the effectiveness of the grinding mills only. 


Conclusion 


From the examination of the autoclaved samples of plant and laboratory 
ground portland cement, it is found that in determining the degree of autoclave 
expansion, grain size of periclase is a more important controlling factor than 
the overall Blaine area of the cement. Periclase of a narrower particle size 
range produces higher autoclave expansion than an equal amount of periclase of a 
wider particle size range. Cement from the same clinker and ground at the same 
Blaine area, but in different mills, may produce periclase of different granu- 
lometric ranges. Laboratory ground cement with a reduced range of particle size 
of periclase shows higher autoclave expansion than the plant cement produced 
from the same clinker and ground at the same Blaine area. 
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ABSTRACT 
The redistribution of impurity in alite during recrystallization has 
been confirmed by means of the electron probe microanalysis. Each of 
the main impurity components shows a significant decrease in content 
during recrystallization. This demonstrates that the growth velocity 
of alite exerts influence on the amount of the impurity taken up in 
alite in solid solution from the interstitial melt. Whether M3 or M, 
occurs at ambient temperature depends on the cooling rate of clinker 
as well as the chemical composition of alite. 













Introduction 





The crystals of alite primarily formed in portland clinker from a raw mix 
generally show, if subjected to prolonged heating at high temperatures, a 
trend toward recrystallization. This trend is noticeable when the primarily 
formed crystals are small in size and the temperature of recrystallization 
exceeds e.g. 1500°C. Recrystallization is important in that it can cause sig- 
nificant changes in such characters of alite as the crystal size, size dis- 
tribution, morphology, chemical composition and phase structure. In the pre- 
vious study (1), we concluded the depletion of impurity during recrystalliza- 
tion from the resultant phase change of alite; ¢.e., if the MgO content in 
clinker is selected at a certain proper level, the decrease in impurity content 
leads to a lowering of the crystal symmetry of alite, e.g. M3 to Tp. The 
present study has been undertaken to confirm directly, by means of the electron 
probe microanalysis, the redistribution of impurity in alite during recrystal- 
lization. 



















Experimental 





The clinker specimens employed in this investigation have been prepared in 
exactly the same way as in the previous study (1). The raw mix had the chemi- 


4) 3 
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cal composition: 22.94Si09, 5.46A1 903, 3.04 Fe903, 66.56Ca0, 0.60Mg0, 0.40 
SO3, 0.40Na>0, 0.60K 20 (in weight percent). As the starting raw materials 
were used limestone and clay ground to a residue of 8.0% on 240mesh. The 
contents of Si0., Fes03, MgO and alkalies were adjusted by adding the corre- 
sponding chemical reagents. The SO3 was added in the form of gypsum. The raw 
mix was fired at 1600°C, without any preliminary heat treatment, for a given 
period of time. 

For EPMA studies, a HITACHI X 650 SEM was used in conjunction with a 
KEVEX 7000Q energy dispersive analyzer. The spectral intensities obtained 
were compared with those of standard materials and converted to weight percent- 
ages by means of the standard ZAF correction routines. 

Results 

Figs.l(a) and 1(b) show, respectively, the distributions of the chemical 
composition of alite in the specimens fired for 5 and 120min. Plotting the 
compositions in molar concentration also gave the distributions very similar 
to those in Fig.l. No distinction has been drawn, in preparing these figures, 
between Al and Fe ions as to their crystal-chemical behavior in the alite 
structure. Table 1 lists some of the chemical compositions determined. 


In the specimen fired for Smin the alite crystals are almost those which 
have been primarily formed from the raw mix. The nucleation and growth envi- 
ronment of the alite, very liable to wide local variations according to the 
inhomogeneity of the raw mix, must be primarily responsible for the scattering 
of the impurity contents shown in Fig.l(a). The recrystallization of alite, 
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Al>03 +Fe.0; (wt%) 


1600°C 
120min 











1 | 1 icin 1 


0.2 0.4 0.6 ; 02 0.4 0.6 0.8 
MgO (wt %) MgO (wt%) 
(a) FIG. 1 (D) 
Chemical compositions of alite as determined by EPMA 
in the specimens fired for (a) 5 and (b) 120min. 
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in progress to a certain extent even within such a short period of time, can 
also influence the chemical composition and consequently contribute to the 
scattering of the impurity contents. 


In spite of such a wide divergence in chemical composition, the alite in 
the specimen fired for 5min is composed practically of M3. According to the 
phase diagram for C3S solid solutions, first given by Woermann et al. (2) and 
later revised by the authors (3) as regards its phase identification, the 
chemical compositions in Fig.1l(a), rich in (Al 03+ Fe203) and poor in MgO, are 
expected to produce M; rather than M3 as the constituent phase of alite at 
ambient temperature. In commercial clinker, alite, despite its reasonably 
high (Al,03+ Fe203) content, never occurs as M3 if MgO is scarce in solid solu- 
tion (4,5). 

The conflict mentioned above can be solved by taking into account the 
cooling rate of clinker. A thin section of the specimen fired for 5min was 
reheated under the microscope at the rate of 240°C/min up to 1150°C, when 
the alite exists as R, then cooled at a given rate down to 600°C and quenched. 
Quenching from 1150°C exclusively produces M3 at ambient temperature. At 
225°C/min are formed hybrid crystals in which M, is found in patches. With a 
decreasing cooling rate M,; becomes more and more predominant within each crys- 
tal; and at a rate smaller than 70°C/min the alite crystals come to be made up 
uniformly of M;. With the alite under consideration, therefore, its metastable 
occurrence as M3 at ambient temperature is entirely due to the rapid cooling of 
clinker. 


In accordance with this conclusion, the alite, when reheated, first under- 
goes the reversion to Tp above 700°C and then the transition to M) at around 
820°C (1). On the other hand, alite, if well-stabilized as M3 with plenty 
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5min 120min 
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Pig. 2 
Aly03 vs. Fe 903 in alite. 
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of MgO as well as Alo03 and Fe 203 in solid solution, gives no indication of 
phase change at all until the direct transition to R occurs above 1000°C. 


According to Woermann et al.(6), the solubility limits of Al 203 and Fe 03 
in C3S are mutually dependent and restrict each other. Nevertheless, with the 
alite crystals primarily formed the amount of Alz03 in solid solution often 
exceeds its equilibrium concentration determined separately from other compo- 
nents (1.0 wt% irrespective of temperature (6)). There seems to exist a trend 
that Fe ions enter into solid solution in parallel with Al ions (Fig.2). 


Comparison of Figs.1(a) and 1(b) shows a significant decrease in impurity 
content due to recrystallization. MgO, Al203 and Fe203 have been decreased on 
the average by 35, 25 and 14 percent, respectively, with a corresponding 
decrease in the ratio of Alj03/Fe203 from 1.71 to 1.53 (Fig.2). In Fig.1(b) 
the chemical compositions of alite lie in much more limited concentration 
ranges than in Fig.l(a). The impurity or solute concentration as given in 
Fig.1(b), too low to stabilize alite exclusively as M3, produces T, predomi- 
nantly at ambient temperature. During the intermediate stages of recrystal- 
lization, therefore, there occur in abundance hybrid crystals of alite 
consisting of both Tj and M3, as represented by the reverse zonation, which, 
however, eventually come to be made up uniformly of Tz with duration of heat- 
ing (1). 


In spite of the foregoing it should be noted that a lowering of the impu- 
rity content does not necessarily lead to a phase change. To the metastable 
occurrence of M3 at ambient temperature the presence of MgO in high concentra- 
tion is most essential; so that with portland clinker rich in MgO, M3 persists 
during the course of recrystallization despite a considerable decrease in both 
Alj03 and Fej03 contents. In clinker containing 1.2% of MgO, for example, 


alite can exist as M3 even after firing for 120min at 1600°C (1). 


Discussion 


A growing crystal, at any finite growth rate, can produce microsegrega- 
tion in front of the advancing solid-liquid interface by rejecting impurity 
components. In a steady growth state it is the diffusion length D/f that 
determines the scale of diffusion segregation during crystal growth, where D 
is the appropriate diffusion constant and f the growth velocity. The inter- 
face segregation changes significantly the distribution of impurities between 
the solid and liquid and consequently affects the chemical composition of the 
crystal. The crystal growth of alite in clinker occurs in an essentially 
unsteady state under nonequilibrium conditions, so that the effective distri- 
bution or segregation coefficient cannot be expressed in a general form as a 
function of the growth velocity, diffusion boundary layer thickness, diffusion 
constant of the impurity ion concerned, growth direction and so on. Neverthe- 
less there is experimental evidence which confirms, though qualitatively, the 
close dependence of the impurity content in alite on the growth rate from the 
interstitial melt (5). 


With clinkering at 1600°C the precipitation of alite can generally be 
completed very quickly within a few minutes because of an extremely high de- 
gree of supersaturation resulting from the enhanced rate of dissolution of 
both CaO and CoS into the interstitial melt. The consequent drop in supersat- 
uration, together with the smallness of the grain size due to the very high 
nucleation rate, gives rise to an early onset of recrystallization. The de- 
gree of supersaturation remains so low during recrystallization that the 
growth rate of alite, as compared with that of the primary crystallization 
from the raw mix, is decreased drastically, say, by about two orders of magni- 
tude. This wide difference in the growth rate manifests itself in a remark- 
able difference in the amount of impurity in solid solution. Thus the redis- 
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tribution of the impurity due to recrystallization demonstrates the very close 
dependence of the chemical composition of alite on its growth rate from the 
interstitial melt. 


At a temperature as high as 1600°C part of the Fe ions in alite exist as 
ferrous ions, which are accomodated exclusively in the Ca-sites. The ferric 
ions, on the other hand, equally replace the tetrahedral sites as well as the 
Ca-sites (6). Fe 03, as compared with Aljz03, shows a less decrease in content 
during recrystallization. This can be explained by assuming that in alite the 
Fe ions are distributed differently between the two distinct cation sites 
according to their valence state. In the specimen fired for 120min the oxi- 
dation - reduction equilibrium of the Fe ions seems to have been almost reached 
1S evidenced by the brownish tint of clinker. 
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ABSTRACT 


Pore size distribution of Portland cement pastes has been studied using 
helium picnometry and mercury porosimetry. Cement samples were hydrated 
under varying conditions of temperature and pressure and were investiga- 
ted at very early stages of hydration : thickening, setting, and early 
hardening. The evolution of pore size distribution with time has been 
related to physical and chemical properties (compressive strength, shrin- 
kage, and combined water). The interpretation has been based on the 
repartition between free pores of tubular shape and trapped pores of 
rounded shape, and a model is proposed for describing cement pore size 
distribution. 














Introduction 












Porosity and pore size distribution of hardened cement pastes have been widely 
investigated in the last ten years, as strong evidence of their influence on 
some cement mechanical properties has been demonstrated. 







Total porosity has been measured through water or kerosene immersion (11) or 
through helium picnometry (8). Pore size distribution has been studied by gas 
adsorption (1, 7, 9) but pore size is then limited to a maximum diameter of 

400 A°. At the opposite end of the range, wide pores (several microns) have 
been described using optical microscopy (12) but quantification is then diffi- 
cult to achieve, the best technique being image analysis. Mercury porosimetry 
allows one to study pore size distribution over a wide range, from several tens 
of Angstroms up to several tens of micrometers depending on the capability of 
the equipment used. The contact angle between mercury and cement has been expe- 
rimentally studied in (2), and found to be dependent on the method of dehydra- 
tion of the cement sample. Beaudoin (8) has pointed out some microsctructural 
limitations of mercury porosimetry like exclusion of mercury from too small 
pores and change in contact angle between mercury and surface. Winslow and 
Diamond (2) have defined some conditions to be taken in account for treatment 
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procedure, like mercury compressibility or mercury expansion upon heating. The 
minimum pore size accessible by liquid mercury is estimated at 20 Angstroms (17), 
and some experimental data (16) show that matrix compressibility of a porous 
sample is negligible. 


The total pore size distribution of hardened cement pastes, determined through 
the preceeding techniques, has been described as being composed of a threshold 
diameter (2) and several families of pores, macro or capillary porosity, micro 
or CSH gel porosity and mesoporosity (porosity between particulate hydration 
products). Macroporosity is found to be composed of pores wider than a few 
thousand of Angstroms (2, 15) or wider than a few hundred of Angstroms (6) and 
gel porosity composed of pores narrower than a few hundred Angstroms. The effect 
of curing conditions on the pore size distribution of hardened cement pastes has 
been investigated. Auskern and Horn (6) have shown that curing under pressure 
increases the width of the pores, and Diamond (4) found the same tendency for 
curing at very low temperature (6°C) compared to a higher one (40°C). Bentur (9) 
found that when the curing temperature increases from 25 to 65°C, the macro- 
porosity increases while the meso and microporosity decrease without any change 
in total porosity. He also stated that when the degree of hydration increases, 
macroporosity and total porosity decrease while mesoporosity increases. The 
relationships between pore size distribution and cement mechanical properties are 
still controversial but some researchers have demonstrated that total pore 
volume is correlated neither to flexural strength which can be associated to 
macroscopic pores (13), nor to permeability which is more related to pore size 
distribution (14). Furthermore, Sierra (15) has found that cement permeability 
is measurable only if the maximum pore diameter is wider than 0.13 microns. 


Previous studies have been based upon the investigation of the total pore size 
distribution of cement samples, including pores which are trapped within the 
cement structure due to interconnexion through narrower ones. Furthermore, atten- 
tion has been paid to hardened cement pastes only (after several days to several 
months of hydration) and most of the time with fairly smooth curing conditions 
(ambient temperature, low or atmospheric pressure). The purpose of this study 
has been to delve further into the investigation of pore interconnexion and to 
describe respectively the size distribution of free pores which contribute to 
cement permeability and the distribution of trapped pores which do not contri- 
bute to flow properties but nevertheless influence the cement mechanical proper- 
ties. Furthermore, this investigation has been carried out on cement slurries 

at very young ages (from a few minutes to one day of hydration), and under 
various conditions of curing temperatures and pressures. High temperature and 
pressure conditions have been investigated to simulate the behaviour of a cement 
slurry used for cementing oil, gas or geothermal wells, application which have 
not been widely studied up to now, but which nevertheless require a large tech- 
nical and scientific knowledge of cement physics and chemistry. 


Experimental 





Materials and Mixing 





Only one cement slurry composition was used in order to allow easy compa- 
rison of various curing conditions and various stages of hydration : API 
Class G cement (Dyckerhoff Gulf type), in water at 44% by weight of cement, 
plus 1% of an organic superplasticizer and 0.5% of an antifoaming agent by 
weight of cement. The density of the slurry was 1.90. 


Mixing was achieved following API procedure specification 10 using a high 
shear mixer of the Waring Blendor type. 600g of cement were first poured into 
15 seconds in the correct volume of water with the impeller of the mixer ro- 
tating at 4000 rpm, and then high shear mixing was achieved with an impeller 
speed of 12000 rpm for 35 seconds. 
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Table I 
CHEMICAL COMPOSITION OF DYCKERHOFF 
API CLASS G CEMENT, GULF TYPE (% BY WEIGHT) 





CHEMICAL ANALYSIS POTENTIAL COMPOSITION (*) 





Fe,0 CaO Free lime MgO SO, c,S C,A 





3.9 6.0 65.4 0.5-1.0 0.6 2.1 














(*) according to Bogue's formula 


Curing 

After mixing each batch of cement, the slurry was agitated for 20 minutes 
at a given temperature (29, 55, 71 or 84°C) to allow initial maturation to 
take place, and then statically hydrated at the same temperature and at a 
given pressure (atmospheric or 4 MPa) in sealed cells located in a thermos- 
tated oven. Curing conditions are described for each system in Table II. 


Cement hydration was continuously monitored by recording the internal 
cement slurry temperature. 


Sampling 

For each curing condition (i.e temperature, pressure), samples were taken at 

the following times of hydration : when cement temperature started to exceed 
the test temperature, then when cement temperature reached a maximum, and 
finally after 24 hours of curing. Each time, a cell was taken out of the oven, 
pressure was bled off when necessary and it was quickly cut into two cylin- 
drical plugs, 5 cm in diameter by 5 cm in length. One plug was used for measu- 
rement of the cement compressive strength and water content by oven drying at 
105°C for 24 hours. The second one was used for studying pore size distribution. 


Preparation of Samples 





2 
Samples were dehydrated by freeze-drying. Small cuttings of about 0.1-0.3cm 


were prepared and frozen in liquid freon (-40.8°C) continuously cooled by 
liquid nitrogen (-196°C). They were then transferred in liquid nitrogen, for 
a while, and the ice was sublimed under vacuum for about 24 hours. This 
technique has already been described (11) and allows one to properly prepare 
even very fragile samples without disturbing their microstructure. 


Techniques of Measurement 





Porosity measurements for each sample were determined using a mercury porosi- 
meter (Autopore 9200) capable of intrusion pressures ranging from 0.007 to 

407 MPa, and helium picnometer (model 1320) both from the Micromeritics 
Company. Mercury porosimetry was used to measure bulk density and pore size 
distribution and helium picnometry to measure skeletal density and then, 

total porosity. The surface tension for mercury was taken as the well esta- 
blished value of 484 dynes/cm. The contact angle was chosen at 117° according 
to (2) for oven dried samples and after having made sure that oven-drying and 
freeze drying led to the same contact angle. A correction was made for mercury 
compressibility, and an equilibrium time of 60 seconds was applied for each 
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Table II 
TABLE OF SAMPLES 





SAMPLE NUMBER CURING CURING SAMPLING 
TEMPERATURE (°C) PRESSURE (MPa) TIME 





29 atm. 
29 atm. 
29 atm 
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T.T. : thickening time S.T. : setting time 


step of pressure. Experiments were run using 40 steps of increasing pressure, 
from 0.035 to 407 MPa, corresponding to diameters ranging between 25 microns 
and 21 Angstroms, and total porosity given by helium picnometry was used to 
complete the curve on the smallest diameter side. 


Theory of Pore Size Distribution Determination through Mercury Porosimetry 





Mercury Porosimetry allows one to measure the entry pore sizes but not the 
real pore size, and hence interpretation of pore shape and pore intercon- 
nexion is difficult to achieve. But pore shape and interconnexion are res- 
ponsible for trapped porosity which is the volume of mercury which stays in 
the pores of the sample when pressure is released, while the extruded volume 
corresponds to the free porosity. Figure 1 shows possible configurations of 
pores giving rise to trapped porosity. 
Free and trapped porosity do not play 
the same role in the physical proper- 
ties of a porous material. It is clear 
that permeability is related to free 
porosity only, while flexural strength 
is certainly related to trapped poro- 
sity and compressive strenth to both. 

Mercury porosimetry yields access to Trapped 
the distribution of free and trapped aan SORES 
pores by running two intrusion- 
extrusion cycles of mercury on the 
same sample (10). The first intrusion 














curve is the distribution of total Figure 1 
porosity, the second intrusion curve Example of Free Pores and Trapped 
is the distribution of free porosity, 
and the difference between both intru- 


Pores. 
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sion curves is the distribution of trapped porosity. Furthermore, as a first 
approximation, free pores can be assimilated to cylindrical tubes and trapped 
pores to rounded holes. The distribution of free porosity can then be consi- 
dered as the distribution of the true pore-diameters and not only of the 
access pore diameters. 


RESULTS 


Cement Hydration and Bulk Properties 





- Cement temperature curves have been used for monitoring cement hydration. 
They are presented in Figures 2 and 3. During the induction period, the cement 
temperature is constant. When cement hydration starts, the temperature in- 
creases up to a maximum value. The samples being located in an isothermal 
medium, as when a cement slurry is placed into a hole drilled in a subterra- 
nean formation, thermal exchange occurs between cement and the surrounding 
medium, and then, when the rate of hydration slows down, cement temperature 
decreases to its original value. Whatever the curing conditions (temperature 
and pressure), cement samples taken just after the beginning of hydration were 
like pastes of a high consistency, and we call this time the thickening time, 
while cement samples taken at the maximum temperature exhibited a rigid struc- 
ture but with a low compressive strength and we call this time the setting 
time. 
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. For each sample examined, several properties were measured : compressive 
strength, water content, combined water, total porosity, free porosity, trap- 
ped porosity and chemical shrinkage. Combined waterwas determined using the 
formula : Wc = (0.44 - W)/ (1 + W), where 0.44 is the original water to 

cement ratio and W is the water content of the sample. Combined water, which 

is the amount of water which has been combined to form hydrates, is an indi- 
cation of the degree of hydration of the cement sample. Cement chemical shrin- 
kage due to hydration, S, was estimated using the relationship S = 0b.(N - W) 
where N is the total porosity, W the water content, and 0b the bulk density of 
the sample. Free porosity, experimentally determined down to a pore diameter of 
20 A°, was linearly extrapolated to zero, as this extrapolation was found to be 
valid for total porosity by comparison with helium picnometry measurements. 

All these data are presented in Table III. 

. At the time of thickening, the compressive strength is zero, whatever the 
curing conditions ; the combined water, which is already 6,5%, is not influen- 
ced by pressure but increases up to 9% when the curing temperature exceeds 
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TABLE III 
BULK PROPERTIES OF CEMENT SAMPLES 





SAMPLE COMPR. WATER COMBINED TOTAL FREE TRAPPED SHRINKAGE 
NUMBER STRENGTH CONTENT WATER POROSITY POROSITY POROSITY 
cc/g z, cc/g cc/g cc/g 


0.3520 0.2740 0.039 
0.3850 0.3220 0.059 
0.3650 0.2700 0.110 
0.3450 0.2830 0.023 
0.4150 0.3430 0.068 
0.2900 0.2100 0.120 
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80°C; the total porosity does not depend on curing temperature but decreases 
with increasing pressure from 0.35 cc/g at atmospheric pressure to 0.31 cc/g 
at 4 MPa ; the free porosity represents 80% of total porosity, and chemical 
shrinkage is nil. 

. At the time of setting, compressive strength does not depend on curing tem- 
perature but it doubles when pressure is applied. Combined water increases 
when temperature exceeds 80°C and when pressure is applied. It ranges between 
7 and 14%. Total porosity decreases when temperature and pressure increase 
and free porosity is 83% of total porosity. Chemical shrinkage is high and 
does not depend on temperature but decreases when pressure is applied, from 
9% at atmospheric pressure to 6% under 4.0 MPa. 
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After 24 hours of hydration, all cement properties depend strongly upon 
curing conditions. Compressive strength increases when temperature exceeds 
80°C. It also increases with increasing pressure, from 13 MPa when cured at 
atmospheric pressure up to 26 MPa when cured under 4.0 MPa. Combined water 
increases when temperature and pressure increase. It ranges between 10Z to 
19%. Total porosity decreases from 0.365 to 0.235 cc/g when temperature 
increases from 29°C to 84°C, but it increases when pressure is applied. Free 
porosity follows the same behaviour in absolute value but in percentage of 
total porosity, free porosity is independant upon pressure and decreases from 
74Z to 60% when temperature is increased. 


Pore size Distribution 





- On each cement sample, the total, 
free and trapped pore size distri- 
butions were determined using two 
cycles of mercury intrusion- 
extrusion plus helium picnometry. 
Some of the cumulative curves are 
presented in Figures 4 to 6, and 
examples of differentiated curves 
are presented in Figures 7 and 8. 
Each specific peak on a diffe- 
rentiated curve corresponds to a 
family of pores and the maximum of 
the peak is the mode of the family, 
or the most represented diameter in 
this family. The dispersion of pores 
around the mode in each family is FE C6) 55-6... :€9) 
then characterized by the width of CEP eS470 

the peak at mid height. 





Figure 6 


- The pore size distribution curves all exhibit the same shape 
(1) A flat or low slope linear region in the range of wide diameters. 
(2) A threshold diameter below which intrusion proceeds at a high rate 
and which is determined by the diameter below which the differentiated 
volume starts increasing sharply. 
Three families of pores more or less well distributed around modal diameters 
can be distinguished according to their size : (3) Macroporosity (4) Meso- 
porosity (5) Microporosity. 


- Typical parameters of the distribution of trapped and free porosities are 
presented in Table IV. Free porosity, which can be considered as composed of 
tubular pores, is characterized through the values of threshold diameter, 

modal diameters and pore families. On the contrary, as the trapped porosity is 
composed of round shaped pores, only access pores diameters can be known but 
not the true pore diameters, then it has been characterized by the relative 
percentages of each family of pores only. 

.» The values of the families of pores depend essentially on the stage of hydra- 
tion and not on curing conditions. Whatever the curing conditions, at the time 
of thickening, cement porosity is essentially composed of macro and meso- 
porosity, free porosity being composed of 50% macroporosity and 40% mesoporo- 
sity while trapped porosity is at 80% composed of macropores. At the time of 
setting, the main representative family of pores is the mesoporosity and the 
free porosity is composed of 25Z macroporosity, 55% mesoporosity and 20% micro- 
porosity, while trapped porosity is composed of both macro and mesopores. After 
24 hours of hydration, macroporosity has completely disappeared except for 
samples cured at the lowest temperature (29°C). Free porosity is then composed 
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TABLE IV 
Distribution of Trapped Porosity 





%Z OF TOTAL TRAPPED TRAPPED TRAPPED 
MACRO MESO MICRO 
POROSITY POROSITY POROSITY POROSITY 
yA i 7, 
22 73 ZY, 
Ld 76 is 
26 , 58 
18 
17 
28 
17 
40 
18 
40 
21 
20 
31 
16 
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Distribution of Free Porosity 





|SAMPLE % OF THRESHOLD MAC} MACRO MESO MESO MAX. MICRO | 

NUMBER TOTAL I MODI POROSITY MODE POROSITY MICRO POROSITY 
POROSITY PORE 

| A Um / Um 

0.010 

0.006 

0.005 

0.012 

0.014 

0.007 
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0659 0.006 

0.057 0.0034 

0539 0.005 
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of 50% mesoporosity and 50% microporosity while trapped porosity is mainly 
composed of mesopores (60-1007). 

- The threshold diameter is 2.5 microns at the time of thickening and decreases 
down to about 2.0 microns at the time of setting. But at this setting time 

the threshold diameter increases when the temperature exceeds 80°C and it de- 
creases when the curing pressure increases. Modal diameters of macro and meso 
porosities are more or less identical at both thickening and setting times, 
whatever the curing conditions (macromode : 0.90 microns and mesomode : 0.40 
microns). 
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After 24 hours of hydration, the threshold diameter is independant of pressure 
but it decreases when temperature increases, from 0.44 microns at 29°C to 

0.12 microns at 84°C, while the modal diameter of mesoporosity increases when 
curing temperature and pressure increase, from 0.016 microns at 29°C and 
atmospheric pressure to 0.057 at 55°C and 4.0 MPa. In every case, the micro- 
porosity does not exhibit any particular mode and most of the time ranges 
between O and 0.01 microns. 







DISCUSSION 









- Thickening and setting time, as defined on the temperature curve of cement 
samples, are specific steps of the cement hydration which correspond to a gi- 
ven physical appearance of the cement. At the thickening time, cement proper- 
ties are essentially independant of curing conditions. The influence of curing 
conditions starts being appreciated at the setting time and they become predo- 
minant during the hardening phase. Nevertheless, already since the thickening 
time, a change in combined water is observed when the curing temperature exceeds 
80°C, which suggests that hydration proceeds almost identically for temperature 
up to 80°C but certainly faster and differently above 80°C. Investigation of 
cement hydration at high temperature must then be carried out especially for 
application to the cementation of deep or geothermal wells. 

- Total porosity and chemical shrinkage are closely related to each other and 

to cement hydration since the total porosity must decrease when hydration pro- 
ceeds, however, it also should increase with chemical shrinkage. Between the 
initial time of mixing and the thickening time, some hydration proceeds but no 
chemical shrinkage is noticed because cement structure is deformable, and so 
effectively the total porosity decreases. On the other hand, between the thicke- 
ning and the setting times, hydration goes on and the cement gains a cohesive 
and less deformable structure, and then a high chemical shrinkage is observed. 
Consequently, the total porosity increases, the effect of shrinkage compensating 
for the effect of hydration. However, on the other hand, the curing pressure 
increases the deformability of the cement structure and when hydration is achie- 
ved under pressure, the value of chemical shrinkage is lower and total porosity 
does not change significantly. After the setting time, and when the cement 
hardens, total porosity decreases sharply while shrinkage becomes lower or even 
not visible. We are certainly observing plugging of some pores through a struc- 
tural change of hydration products. Curing under pressure delays the appearance 
of shrinkage, which still occurs but at a later time, when the internal cohesion 
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of the cement is greater than the applied pressure. 

The total porosity of the cement samples can be divided into free porosity, 
composed of tubular well interconnected pores which participate in flow proper- 
ties, and trapped porosity, composed of round pores interconnected through free 
pores. Free porosity follows exactly the behaviour of total porosity which in- 
dicates that the porosity generated by the chemical shrinkage during hydration 
is entirely composed of free porosity. Therefore up to the setting time, trapped 
porosity is only determined by the original distribution of cement grains in 
water and not by the cement hydration. During hardening, hydration still generates 
free pores but in the same time the formation of non-porous or microporous 
hydration products leads to a semi-plugging of some pores which drastically 
increases the amount of trapped porosity, and reduces the permeability of 
the sample. 

-Regardless of the curing conditions and the stage of hydration, the pore size 
distribution curves are fairly similar in shape and the following model is 
proposed for describing cement pore size distribution 


(1) The low slope linear part above the threshold diameter represents the 
surface porosity of the sample and this is not interconnected to the 
matrix of the sample through pores of the same size. 
The threshold diameter is the maximum diameter for which interconnexion 
between pores of the same size goes deep enough into the matrix of the 
sample. 
Macroporosity represents the intergranular porosity composed of wide pores 
between cement grains. 
Mesoporosity represents interhydrates porosity : between cement grains more 
or less hydrated, some hydration products form and give rise to a secon- 
dary porosity. 
Microporosity represents the internal porosity of hydration products, mainly 
that of CSH gel. 


Cement pore size distribution is essentially independant of curing conditions 
at the thickening and setting times. At the thickening time, the hydration 
products have a very small internal porosity and they create only mescporosity 
between each other though original macroporosity is still very large (50Z). At 
the setting time, hydration products have filled even more intergranular space 
and macroporosity is decreasing sharply to the benefit of essentially mesoporo- 
sity (60Z) but the hydration products are still of a low porosity by themselves 
(20Z). When the cement hardens, macroporosity completely disappears and hydra- 
tion products become microporous either through a structural change or through 
formation of new species. 

Furthermore, trapped porosity is always composed of the largest pores present 

in the matrix of the cement, whatever the stage of hydration and the curing 
conditions. 

- The valuesof threshold and modal diameters allow one to quantify the average 
size of free pores. It is interesting to notice that at the setting time, thres- 
hold diameter decreases when the curing pressure increases but that it starts 
increasing when the curing temperature exceeds 80°C. Again, for such cement 
slurries with a rather high water to cement ratio (442%), 80°C seems to be a 
transition temperature above which cement hydration proceeds differently and at 
a higher rate, generating larger pores. On the other hand, the modal diameters 
of macro and mesoporosity are not dependant on curing conditions up to the 
setting time. They show specific values, 0.90 microns for the macromode and 0.40 
microns for the mesomode. After 24 hours of hydration, when the cement hardens, 
curing conditions do influence the values of these characteristic typical dia- 
meters, but curiously enough the threshold diameter decreases when temperature 
increases while the mesomode (which remains alone since macroporosity has disap- 
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peared), increases when temperature and pressure increase. Therefore, while 
pores are wider, their maximum size is smaller. 


CONCLUSIONS 


(1) Thickening and setting times, as defined on the temperature curve of the 
cement, are specific stages of hydration which correspond to a given physical 
appearance of the cement. 

(2) Cement porosity is composed of a free, well interconnected porosity, compo- 
sed of tubular pores, and a trapped porosity composed of rounded pores. Mercury 
porosimetry allows one to obtain the "true" distribution of free pores while 
only the distribution of access trapped pores can be determined. 

(3) Cement total porosity decreases due to the hydration process but at the 
same time chemical shrinkage generates new pores which increase total porosity 
at the time of cement setting. Pores generated by shrinkage are only free pores 
well interconnected between each other. Curing under pressure delays the appea- 
rance of these pores due to shrinkage. 

(4) Up to cement setting, trapped porosity is solely determined by the original 
dispersion of cement grains in water and increases sharply during cement harde- 
ning due to the formation of hydrated species in the intergranular porosity or 
because of the plugging of some pores through microporous hydration products. 
(5) Cement pore size distribution is characterized by a threshold diameter and 
three families of pores. The repartition between the three families depends on 
the stage of hydration, and turns from essentially intergranular porosity at the 
thickening time to an equal repartition between interhydrate and intra-hydrate 
porosities. 

(6) Curing pressure influences cement pore size distribution and properties 
from the beginning of hydration as pressure delays the appearance of chemical 
shrinkage ; then cement free porosity is reduced by a large factor. 

(7) Up to the setting time, the curing temperature is of little influence on 
cement pore size distribution except when it exceeds 80°C. Above 80°C, cement 
hydration proceeds at a higher rate and gives rise to larger pores. An investi- 
gation of cement pore size distribution at higher temperature (application to 
deep or geothermal wells) must then be carried out, in order to confirm it. 
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ABSTRACT 
The effect of specimen size on the fracture energy of concrete was 


studied for 3-point bend tests on notched beams. Specimen sizes 
ranged from 100x100x840 mm to 400x400x3360 mn. It was concluded 
that the values for both fracture energy (Gp) and Ky¢ increased 
considerably for the largest beams tested. However, including the 
self-weight of the beams in the calculations made very little 
difference to the calculated values of Gp. 


Introduction 





The fracture energy (Gp) of concrete may be defined as the energy 
required to create one unit of crack area. Petersson (1-3) has described in 
detail how Gp may be determined from 3-point bend tests on notched beams. 
Recently, work at the Lund Institute of Technology (4,5) has culminated in a 
proposed RILEM recommendation for a test to measure Gp for mortar and 
concrete. Briefly, this proposal (5) involves a 3-point bend test on a 
notched beam. The beam dimensions are 100x100x840 mm, tested on an 800 mm 
span; the beam is notched at midspan to one-half the depth of the beam. The 
fracture energy is then calculated as 

W. + mgo, 


Gp = a (1) 
lig 
where Wo the energy represented by the area under the load-deformation 
curve 
m = the mass of the beam between the supports 
g the acceleration due to gravity 
6 = maximum deflection of the beam at failure 


area of the uncracked ligament 


0 — 

Alig 
Note that mgSo represents the energy supplied by the weight of the beam 
itself. 
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The energy terms of Equation 1 can be described graphically by looking 
at an idealized load-deflection curve, as shown in Figure l. Here, W, 
represents the area under the measured load-deflection curve. However, the 
weight of the beam also contributes energy to the system, and this is repre- 
sented by W,, Wy and W3- Wy, is equal to mg6,/2, and it has been shown by 
Petersson (1) that Wy = W,, leading to Equation 1. W3 is so small that it 
may be neglected. When Wo/ (Wy + Wy + Wo) < 0.3-0.4, Equation 1 is not 
applicable (5). 





Load-deflection curve for notched beam in bending when the weight of the 
beam is not compensated for. 


This formulation is based on the assumption that all of the fracture 
energy is consumed in the very narrow fracture zone which develops in front 
of the notch as the crack propagates through the beam. However, it neglects 
any contribution to the microcracking process from the stresses due to the 
dead weight of the beam itself. While this contribution is undoubtedly 
negligible for reasonably small beams, it may be significant for very large 
specimens. It is the purpose of this paper to examine the effect of chang- 
ing the size (but not the relative dimensions) of the specimens on the 
fracture parameters. 

Experimental Procedures 





Test Specimens 





Test specimens of three different sizes were cast. Their dimensions 
were (width x depth x length): 

i) 100x100x840 mm, tested on an 800 mm span 

ii) 200x200x1680 mm, tested on a 1600 mm span 

iii) 400x400x3360 mm, tested on a 3200 mm span 
The concrete, with the mix design shown in Table 1, was delivered in a 
single batch by a commercial ready-mix truck. It was vibrated into the 
plywood forms using an immersion vibrator. The specimens were all prepared 
with a cast-in notch, formed by placing a piece of 4 mm thick fibre-board of 
the appropriate size at the bottom centre of each form. The ratio of notch 
depth to specimen depth was about 0.5 in all cases. For the 400x400x3360 mm 
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TABLE 1 


Concrete Mix Design 





Type 10* normal portland cement 460 kg/m? 
Water 174 kg/m? 
Coarse aggregate (13 mm maximum size) 1295 kg/m 
Sand 565 kg/m? 
Water reducer and retarder 1430 m/in? 
Air content 3 212% 

Slump ~ 75 mm 
38-day compressive strength 48.5 MPa 


*ASTM Type I 





beams, to prevent cracking during handling, a 25 mm reinforcing bar, about 
600 mm long, was cast in across the preformed notch. This bar was then cut 
with a torch at the preformed notch once the specimen was in place in the 
testing machine. 


Three specimens of each size were cast. The forms were covered with 
wet burlap for the first two days; the specimens were then cured in the 
ambient laboratory environment for a further 34 to 36 days until they were 
tested. Three companion 150x300 mm cylinders were also cast, and subjected 
to the same curing. They were tested at an age of 38 days, yielding an 
average compressive strength of 48.5 MPa. 


Test Procedure 





The concrete beams were tested in a large mechanical testing machine, 
as shown in Figure 2, following the procedures outlined in the proposed 
RILEM recommendation (4). The load was applied at an approximately constant 
deformation rate of 0.01 mm/sec, with failure occurring about 1 minute after 
the start of the test. The deformation of the beam during the test was 
measured using an LVDT (linear variable differential transformer), placed on 
the top of the beam as near as possible to the centre. The load-deflection 
(P-S) curves were plotted with an x-y recorder, and the areas under these P- 
6 curves were obtained by the method of counting squares. 


Because of the substantial weight of the larger beams, it was decided 
to try to determine the deflections of these beams due to their own weight, 
to see what contribution the energy supplied by the weight of the beam might 
make to the fracture process. Since it was not possible to measure these 
dead-weight deflections directly, they were determined analytically by means 
of a finite element program which could calculate the deflected shape of the 
notched beams from the measured concrete properties. It was noted that, for 
the 100x100x840 beams, the dead load deflections were only about 0.6% of the 
deflection due to the applied load. For the 200x200x1680 mm beams, the dead 
load deflections were about 2.5% of the live load deflections, while for the 
400x400x3360 mm beams, the dead load deflections were about 10% of the live 
load deflections. 


Experimental Results 





Due to limitations of both time and money, only 9 specimens were 
tested. This is far less than the recommended number of samples (8 for each 
size), leading to a considerable amount of scatter in the results (4). 
Nonetheless, the results for all of the beams tested are given in Table 2. 
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FIG. 2 


Testing of a notched 400x400x3360 mm beam in 3-point bending. 


In addition to the calculation of the fracture energy by Equation l, 
two other calculations are presented. The first introduces an additional 
term into Equation 1, to include the energy from the dead-weight deflection 


of the beam. According to this formulation, 


W. + mgd. + 0.29mgé6 
ig se ) 1 
Sees * _ (2) 





where 6, is the dead weight deflection of the beam at mid-span. The term 
0.29mg6, then represents the strain energy stored in the beam due to its 
deadweight deflection, based on the calculated deflected shape of the beam. 
For the small beams, of course, this term is negligible, but for the largest 
beam it is significant. 


The other calculation is of the fracture toughness of the concrete, 
Kio: Unfortunately, there is no analytical solution in the literature for 
K for a notched beam under a uniformly distributed load (i.e. under its 
own weight). Therefore, K for the beams in question was calculated by 
summing together the standard solution of Brown and Srawley (6) for a 
notched beam in 3-point bending, and the solution (7) for a notched beam 
with a constant bending moment. While this second term is only an approxi- 
mation to the loading system in question, it should be sufficiently accurate 
for the present purposes. The results of all 3 calculations are given in 


Table 2. 
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TABLE 2 


Summary of Test Results 
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Discussion 


It may be seen that, for the two smaller beam sizes, the values of Gp 
are essentially the same, and the corrections for the self-weight of the 
beams (included in G&) are negligible. For the largest beams tested, Gp is 
about 40% higher than for the smaller beams. This is similar to the data of 
Sorensen (1), who found that increasing the beam depth from 50 mm to 200 mm 
increased Gp by about 20%. Even here, however, the correction for the 
self-weight of the beams adds only about 4% to the value of Gp- Hillerborg 
(8) has argued that the dead weight deflection of the beams should not be 
included separately in the calculation of Gp since it is already included 
in the mgd, term. However, this can only be an approximation, since the 
stresses due to the weight of the beam must somehow be accouted for expli- 
citly in calculating the fracture energy. Nevertheless, it is clear from 
Table 2 that ignoring the dead weight of the beams in practice would make 
little difference to the results obtained. 


Moreover, for the beams larger than the recommended size of 100x100x840 
mm, W, is significantly less than 0.3-0.4 of the total energy. On aver 
age, for the smallest beams, Wo/ CW, 33 mg6,) = 0.6; for the medium sized 
beams, Wo/ CW + mg6,) = 0.28; for the largest beams, W ray + mgé,) = 0.607. 
Therefore, by the criterion of the proposed recommendation, the values 
obtained from the two larger sets of beams would be considered invalid. 

The values of Kc shown in Table 2 are based on the assumption that 
linear elastic fracture mechanics applies to concrete beams in this size 
range. Again, there is no difference between the values of Kyo calculated 
for the 100 mm deep and 200 mm deep beams. For the 400 mm deep beams, 
however, Ky, appears to increase by about 50% compared to the smaller beams. 
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However, these results are all questionable, since it has been argued that, 


before LEFM can be applied to concrete, very large beams must be used (9). 


Conclusions 


While for 100x100x840 mm and 200x200x1680 mm beams the values of Gp 
and Krq appear to be independent of specimen size, these values 
increase considerably for the 400x400x3360 mm beams. 

However, the proposed recommendation (4) indicates that for specimens 
with aggregate particles larger than 32 mm, the specimen dimensions 
should be increased uniformly. The results of the present tests 
suggest that for this may lead to rather high values of Gp, and to 
difficulty in meeting the requirement that W,/total energy < 0.3-0.4. 
Perhaps, as Hillerborg (8) has suggested, the length of beams larger 
than the recommended size should only be increased by the square root 
of the scale factor by which the other dimensions are increased. The 
weight of the beam itself would then have about the same influence for 
any size of beam. 

Including the self-weight of the beams in the calculations makes little 
difference to the calculated values of Gp, even for the largest beams 


tested. 
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LOW TEMPERATURE OPC-TYPE CEMENT CONTAINING 
SUPERHYDRAULIC CS PHASE 


S.N. Ghosh, V.K. Mathur, and S.K. Chopra 
Cement Research Institute of India 
M-10, NDSE-II, New Delhi-110049, India 


The earlier works on reactive belite phase have been covered recently in 
our review article (1). The latest studies are those reported by Suzuki, et al 
(2) and Stark et al (3). The former's work relates to high early strength de- 
velopment of C2S phase (made from laboratory chemicals at temperatures 1360°C 
and above) and in the latter's work, the existence of active belite phase has 
been referred to giving rise to highearly strength development which apears to 
be primarily dependent on high rate of quenching of clinker. 


Through this note the above authors wish to report the development of low 
temperature OPC-type cement containing superhydraulic C2S phase by adopting the 
normal process of cement manufacture but with the added advantage that the clin- 
kering temperature is lower by about 100°C and yet the clinker is well formed 
with minimum of free lime, around 0.6%. The clinkers were obtained at 1365°C 
with 20 minutes of retention by firing nodules of raw meal in a laboratory fur- 
nace and subsequent air-quenching. The XRD studies reveal that C2S phase in 
this clinker is a mixture of polymorphs of 8-CoS and a reactive form similar to 
a' phase. The clinker did not show any dusting indicating little transformation 
to y phase. This had been achieved with a suitable adjustment in the moduli 
value of the raw mix composition, control of alkalies at a suitable level, opti- 
mization of clinkering temperature and retention time and without resorting to 
water quenching. However, a certain amount (~ 20%) of alite phase has been de- 
Signed in this optimum composition. 


The cement made out of the above clinker with 5% gypsum had a true density 
of 3.23 g/cc and when ground to the usual fineness of about 3000 cm@/g (Blaine) 
and tested for the compressive strength in terms of standard mortar specimen as 
per IS: 269-1976 was found to give strength of 232 (3 days), 366 (7 days) against 
the minimun specified of 160 and 220 kg/cm@ respectively. The gain in strength 
from 7 to 28 days was about 30% showing thereby that OPC-type clinker can be pro- 
duced from industrial grade raw materials with equivalent or better performance 
but at significantly lower clinkering temperatures implying thereby substantial 
Savings in energy. Further work including the effects of quenching techniques 
and conditions is in progress in the Cement Research Institute of India. 


As per the present indication it appears that further lowering of lime con- 
tent in raw mix may also be possible and this could lead to the utilization of 


inferior grade raw materials which is of great importance to India and several 
other countries not endowed with good quality limestone. 
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ABSTRACT 
A gel permeation chromatographic method was developed for the fraction- 


ation of superplasticizer agents prepared from naphthalene sulfonic 
acid and formaldehyde. 


Introduction 

Naphthalene sulfonic acid based superplasticizers are widely used in con- 
crete technology (1). Their effectiveness is believed to be strongly influenced 
by the molecular weight distribution of the product (2). In spite of the great 
importance of this factor surprisingly little is known about the molecular com- 
position of the preparations used practically. 

Some chromatographic efforts were already reported [PC (3), LC (4,5), HPLC 
(6), GPC (7,8)] but the results are often contradictory and the assignments un- 
certain. 

A gel permeation chromatographic method, using two different types of gels 
was found to provide a promising entry to this problem. We report here on pre- 
liminary tests. 


Experimental 


Chromatography: Biogel P-4 (Bio Rad Labs.) 2x32 cm column (bed volume 
aus ; P 3 
100.5 cm?); exclusion limit 3600 dalton; W, = 2.4 g Hp0/g xerogel; V,=5.8 cm 


xerogel. Flow rate: 16.0 cm>/h; fraction vol: 5.4 cm; sample vol: 1.0 cm; 
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em" ‘total, meas. ~ 142.7 + 8.3 (6) om \snternal 

naphthalene-2-sulfonic acid (MW 207), naphthyl-di-and 
, C-8, -9 and -11 hem peptides (MW: 1744, 1890, 
partition coefficient (K,) was calculated from Ky 
ee Y temnt? IE sens a q MS: W plots gave acceptable linearity 
3 Eluent buffer: 50 mM K/PO, 200 mM KC1 (pH 7) which eluted 60-80 
2d material 
Superfine, Pharmacia, Uppsala, Sweden) 2.5 x 54 cm column 

limit: 45000 dalton W. = 7.58 = xerogel; 

cm-/h; sample vol: 2 cm; fraction 


: ; 3 
ic 6.2 or 6.2 cm: 5 Cea = 315.4 cm ; 
owes ' , external total, meas. ‘ 


3 
Calibration: Pharmacia Low MW Calibration Kit (a-lactal- 


internal 
ine inhibitor 20100, carbonic anhydrase 30000, ovalbumine 


7000, phosphorylase B 94000) At MW < 43000 Ink, vs. MW near to, 
43000 exclusion. Eluent buffer: 50 mM K/PO, + 400 mM KCl (pH 7), 
of the introduced sample could be recovered. 


Radirac Fraction Collector Type 3402 B, 3403 B. Detector 
rd 4701 A control unit, 4701 A optical unit; plotter 6250 A; 
- av henaite X (all from LKB AB, Stockholm, Sweden). 


was calibrated with naphthalene-2-sulfonic acid (e599 = 


determined with UNICAM SP 1805, 1 cm cell width, recording in 
The use of this extinction coefficient implied the 


Supposition that the same e« can be used for the condensed naphthalene moieties 


too. 
Preparation of the Plasticizer Sample: 208 g Naphthalene-2-sulfonic acid was 


reacted in a 3 L vessel (equipped \ with thermometer, mechanical stirrer and re- 
flux condenser) with 40 g freshly distilled 56% aqueous formaldehyde solution 
which was added dropwise during 30 minutes at 100°C. After addition of the for- 
maldehyde, 25 cms H20 was added and the reaction mixture stirred for 2 hours at 
100-110°C. Then 20 g 36% aqueous formaldehyde was diluted with 25 cm3 H90 and 
Slowly added to the reaction mixture (20-24 min.) at 100°C which was followed 

by further 2 hours stirring at 100°C. The product was neutralized with 40 
aqueous NaOH which was added dropwise at 90-100°C until pH 8 was reached (140 g 
NaOH solution was consumed). The product was cooled to room temperature and 
diluted to reach 20% active substance concentration. 


3 ~ 
Testing of the Plasticizer: Concrete was made by using 300 kg/m~ cement and 0.40 


water/cement ratio. 20 cm? plasticizer/kg cement was added. The flow table 
Spread was 161.5%; strength (28 days) was 21./MPa (101.4%). 


Results and Discussion 


The results of the gel permeation chromatography of the plasticizer samples 
are summarized in Table 1, permitting some preliminary considerations and con- 
clusions. 





GPC, OLIGOMER ANALYSIS, SUPERPLASTICIZERS, NAPHTHALENE 


Table ] 


Results of GPC analysis of a naphthalene-2-sulfonic acid (NS) formal- 
dehyde condensate 





Weight of NS equiva- NS equiva- NS distri- 
Column Fract. act.subst. lent 
(mg) 





4.1 x 10° 
0.2 x 10° 
2 x WS 
5.3x 10 


13.6 x 107¢ 





(i) GPC is of optimal efficiency and reliability if spherical particles 
are analyzed, which is not to be expected with naphthalene sulfonic acid/formal- 
dehyde condensates. Thus some exaggeration of the apparent MW can be expected. 


(ii) The active substance of the plasticizer contains both aromatic and 
ionic groups which might favor adsorption and ion exchange interaction with the 
gel. In this work it was attempted to avoid this effect by using high ionic 
strength in the eluent (200 or 400 mM KCl) which increased significantly the 
amount of the eluted material (from 8-20% to 60-80%). Assuming identical speci- 
fic adsorption and exchange coefficients for the particular oligocondensates, a 
negative (diminishing) error in the measured MW cannot be fully excluded. 


(iii) The calibration of the Biogel P-4 could be performed by linear, and 
that of the Sephadex G-75 by globular molecules, which favor the reliability of 
the data obtained with the former with respect to the present problem. 


Taking into regard all these considerations, surprisingly good agreement 
was obtained between the average MW data obtained with the two gel types. The 
agreement between these two MW measurements excludes also the possibility of 
eventual irregularities in the elution order as it has been observed with other 
gels (7). The numerical MW values show that the oligocondensate is dimer in 
average. 


These results indicate that the method can be used for the analysis of 
naphthalene sulfonic acid based superplasticizers. Of course, some refinement 
is necessary, especially in the preparation of more suitable calibration sub- 
stances; possibly obtaining individual oligomers with a preparative variant of 
the method reported in this paper. Further experimental work is in course to 
achieve this aim. 
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DISCUSSION 


A DISCUSSION OF THE PAPER "ON THE VARIATION OF 
NEUTRAL-AXIS POSITION IN MORTAR BEAMS" BY 0.A. KAYYALI"™ 


S.C. Kheok and C.F. Leung 
Department of Civil Engineering 
National University of Singapore 

Kent Ridge, Singapore 0511 


The writers would like to commend the author for a very interesting paper 
which contains a study on the variation of the neutral-axis in mortar beams. 


Some of the author's conclusions agree with results obtained by the writers. 
Typical results of one of the concrete beams tested is shown in Fig. 1. Details 
of the tests are given in (1). 


It can be seen in Fig. 1, that the neutral axis position started well away 
from the centroidal axis and progresses with increasing load towards the geo- 
metrical centroid. Such observation agrees with one of the author's conclusions. 
In view of the difference in the tensile and compressive deformation, an equat- 
ion to calculate o, the maximum tensile stress at the extreme fibre, has been 
proposed (1) for a rectangular beam. 


applied moment at the section, 

width of the beam 

height of the beam 

maximum compressive strain at the extreme fibre, and 


ke We fi 


maximum tensile strain at the extreme fibre 


However, Fig. 1 indicates that the neutral axis tends to start on the tensile 
half of the beam section. This deviates from the observation of the author 
where the neutral axis starts on the compressive side. 


Reference 


S.C. Kheok and C.F. Leung, "Role of Crack Initiation in Flexural Test for 
Tensile Strength," Indian Geotechnical Conference, India, Dec. 1983. 
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A REPLY TO A DISCUSSION BY S. 
OF THE PAPER "ON THE VARIATION OF NEUTRAL-AXIS POS 
IN MORTAR BEAMS"* 


0.A. Kayyali 
Department of Civil Engineering 
University of Kuwait 
P.O. Box 5969 
Kuwait 


The author very much appreciates the interest in his paper as expressed by 
the discussants and is pleased that they have adopted an approach similar to 
his. It is evident that Kheok and Leung found this study important for further 
research concerning fracture characterisitcs of concrete. The author fully 
agrees with them in this respect. However, the author would like to make the 
following comments: 

1) In Fig. 1 which represents results obtained by the discussants, it is 
observed that the plane section before bending has experienced inpro- 
portional strains during loading. The fact that the beams were con- 
crete beams and thus less homogeneous than the mortar beams which were 
used by the author may contribute to the explanation of this effect. 
However, the author still finds it intriguing that the position of the 
neutral-axis in the case of concrete beams was nearer to the tensile 
side. In his opinion, it is expected that microcracks within the area 
of concrete under tension will be more numerous than in the area under 
compression. Thus the summation of forces for static equilibrium at 
the section would require greater area on the tension side than it 
would on the compression side. 


bh 


The author has applied the formula proposed by the discussants to data 
from his tests. He obtained results which he believes to underesti- 
mate the maximum tensile stress at the extreme fibre by 11% and 23 


Finally, the author would like to draw attention to a draftsman error in 
Fig. 4 of his paper. The value of 1.0 kN should have appeared on the second 
inclined line instead of the value of 3.0 kN. 


™ ™ 
CCR 13, 575-579 (1983). 
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NEW BOOKS 


CREEP AND SHRINKAGE IN CONCRETE STRUCTURES. Edited by Z.P. Bazant and F.H. 


Wittmann. John Wiley & Sons, Ltd., 1982 (363 pp). 


The contents of this book are based on the subject matter of ten invited 
lectures presented in the 1980 International Symposium on Fundamental Research 
on Creep and Shrinkage of Concrete. The Symposium was held at the Swiss Insti- 
tute of Technology in Lausanne, under the co-sponsorship of Northwestern Univer- 
Sity and the U.S. National Science Foundation. The significant topics in the 
area are covered thoroughly by the distinguished researchers from various dis- 
ciplines. The approaches taken for solving the problems related to the compli- 
cated phenomenon reflect the state-of-the-art knowledge in Material Sciences 
and Structural Mechanics. Sophisticated models developed for accurate comput- 
erized structural analysis have taken the realistic material behavior into con- 
Sideration; the mechanisms identified for explaining the behavior are emphasized 
on the macro-level, the meso-level as well as the micro-level of the material; 
microstructural characteristics for the components of the hardened cement paste 
are based on the measurements utilizing modern techniques such as X-ray diffrac- 
tions. Many fruitful research results are collected in this book. 










The book is divided into three parts. Part I consists of four chapters 
authored by J.F. Young, J.W. Dougill, E. Cinlar and S.E. Pihlajavaara, respec- 
tively. The fundamentals and general aspects related to concrete creep and 
Shrinkage are viewed by the researchers in the area of Materials Sciences, En- 
gineering Mechanics, Mathematics, and Structural Engineering. Chapter 1 deals 
with the microstructural characteristics of the significant components in the 
hardened cement paste system. Chapter 2 deals with the behavior of the compos- 
ites based on methods used in classical mechanics. Chapter 3 introduces the 
thinking process of the probabilistic approach. Chapter 4 emphasizes the en- 
gineering features of concrete drying effects. Part II of this book, consist- 
ing of three chapters authored by C.D. Pomeroy, F.H. Wittmann and Z.P. Bazant, 
respectively, deals with the measurements and modeling of the material behavior. 
Chapter 5 describes the experimental techniques and results; chapter 6 covers 
the real and apparent mechanisms for creep and shrinkage phenomenon; chapter 7 
presents linear and non-linear models for expressing the effects in the struc- 
tures. The important parameters, including the environmental factors, are all 
considered in the models. Part III of this book consists of three chapters 
written by C.A. Anderson, W.H. Dilger and H.G. Russel, B.L. Meyers and M.A. 
Daye. Structural analysis with finite element approach, the methods of creep 
analysis and behavior from observations on full-scale structures are treated in 
these chapters. 


















The book contains a wealth of information. It will be an excellent refer- 
ence not only to the researcher but to the structural engineer who is, or should 
be, interested in the subject. 











Spencer T. Wu 
Center for Building Technology 
National Bureau of Standards 





NEW BOOKS 


ZEMENT-TASCHENBUCH. 48. Ausgabe (1984). 584 Seiten mit zahlreichen Abbildungen 


und Tabellen. Bauvertag GmbH, Wiesbaden und Berlin. DM 28.--. 


Die jetzt erschienene Neuauflage des Zement-Taschenbuches erscheint unge- 
fahr 4 Jahre nach der 47. Ausgabe. Wesentliche Teile der friiheren Ausgaben 
wurden traditionsgeméss wieder tibernommen. In den vergagenen Jahren ist die 
Bestandigkeit des Betons und der Stahlbetonkonstruktionen nicht zuletzt wegen 
einiger spektakuldrer Schadensfalle in den mittelpunkt des Interesses geriickt. 


| 


Diese Tatsache wurde bei der Aufnahme von neuen Beitragen beriicksichtigt: 
1) “Beton fiir Aussenbauteile" von H. Weigler, 


"Impragnierungen, Anstriche und Beschichtungen von Beton" von H. 
Klopfer, und 


(3) "Hydraulisch gebundene Tragschichten" von H. Schmidt. 


Zusatzlich wurde die "Richtlinie zur Verbesserung der Dauerhaftigkeit von 
Assenbauteilen aus Stahlbeton, Marz 1983", sie ist eine erganzende Bestimmung 
zu DIN 1045, in das Zement-Taschenbuch aufgenommen. 


F.H. Wittmann 
Ecole Polytechnique Federale 
de Lausanne, Switzerland 


NDAMENTALS OF PORTLAND CEMENT CONCRETE: A QUANTITATIVE APPROACH. Vol. I: 


3 7 CONC CRE’ TE. Sandor Popovics, John | Niley & Sons, New York, 1982. 


The rere of this book on fresh concrete is to provide a quantitative 
approach offering formulas acceptable for laboratory or practical use, provid- 
ing input for automation and computer usage to provide better controls upon 
concrete quality. Different views are presented on major topics with an at- 
tempt to critically evaluate the views. Because concrete is such a complex 
material, the task of recommending the best quantification methods is a diffi- 
cult one, and options are offered. Workability is treated thoroughly, begin- 
ning with rheology of fresh paste, through consistency, workability and rheol- 
ogy of fresh concrete, to dealing with the factors affecting concrete consis- 
tency. Testing of fresh concrete is considered as are the pumping, placement 
and vibration for different methods of placing. The principles, as well as 
methods are considered. 


Adequately referenced and edited, the text includes many tables which pro- 
vide dual listings of SI(metric) and customary English units, for broad applic- 
ability. Besides drawing from ASTM and ACI sources, Cement and Concrete Assoc- 
jation (VK) and RILEM publications are widely quoted, as are other international 
sources. While the book is aimed primarily at the practitioner, laboratory 
workers and theoreticians will also find very useful information and compila- 
tions. 


Della M. Roy 
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NEWS ITEMS 


International Conference on CONCRETE UNDER MULTIAXIAL 
CONDITIONS, Université Paul Sabatier, Toulouse, France. 
Information: M. Lorrain, Conference Secretariat, I.N.S.A., 
Département de Genie Civil, 31077 Toulouse Cedex, France. 


A Symposium on BLENDED CEMENTS, sponsored by Committee C-1 
Cement, of ASTM, in Denver. CO. Information: Kathy Greene, 
ASTM, 1916 Race Street, Philadelphia, PA 19103 USA. 


Third ASTM/CIB/RILEM International Conference on DURABILITY 
OF BUILDING MATERIALS AND COMPONENTS, Espoo, Finland. In- 

formation: Anneli Kaaresalo, Technical Research of Finland, 
Division of Building Technology, SF-02150 Espoo 15, Finland. 


International Symposia on CONCRETE PRESSURE AND STORAGE 
VESSELS, SEA STRUCTURES IN ARCTIC REGIONS, AND PREFABRI- 
CATION, Federation Internationale de la Procontrainte 
(FIP), Canadian Prestressed Concrete Institute, Calgary, 
Alberta, Canada. Information: FIP, c/o Genstar Structures, 
Ltd., 1000-1520 Fourth St., S.W., Calgary, Alberta T2R 1H5 
Canada. 


Fourth International Congress on POLYMERS IN CONCRETE, 
Technische Holchschule Darmstadt, West Germany. Infor- 
mation: Prof. H. Schulz, Technische Hochschule Darmstadt, 
Kennwort; ICPIC 1984, Petersenstrasse 30, D-6100 Darm- 
Stadt, West Germany. 


International Conference on IN SITU/NONDESTRUCTIVE TESTING 
OF CONCRETE, by ACI, CANMET, National Bureau of Standards 
and the Canadian Society for Civil Engineering, Westin 
Hotel, Ottawa, Canada. Information: Harry S. Wilson, 
CANMET, 405 Rochester St., Ottawa, Ontario, Canada KIA OG]. 


International Conference on TALL BUILDINGS, Shangri-la Hotel, Oct. 
Singapore, sponsored by the Council of the Institution of 
Engineers, Singapore. Information: The Chairman, ICTBS 84, 

10, Anson Road, #14-06, International Plaza, Republic of 

Singapore (0207). 


ACI Convention, Grand Hyatt, New York, NY. Information: Oct. 28-Nov. 2, 
Ann K. Bruttel, Convention and Meetings Manager, ACI, 
P.O. Box 19140, Detroit, MI 48219 USA. 





NEWS ITEMS 


CALL FOR PAPERS 


Materials Research Society Symposium, M, dealing with COAL COMBUSTION AND 
CONVERSION WASTES: CHARACTERIZATION, UTILIZATION AND DISPOSAL will be held in 
Boston, MA 26-30 November 1984. This symposium is the 2nd in a series dealing 


with the characterization and utilization of industrial solid wastes. This 
year's symposium will concentrate on coal combusion wastes. 


There are three options for dealing with the solid wastes from combustion 
coal or from its conversion into gas or liquid fuels: (1) direct disposal 
urial; (2) utilization in such applications as cement replacement, soil 
ilization, mineral wool, structural ceramics and mine road construction; 
extraction of valuable metals with disposal of the residues. 


While the three options are coupled in various ways, especially with re- 
gard to environmental concerns, rarely do researchers dealing with the options 
interact. This symposium will provide a forum for such interactions, with the 
unifying factors being the characterization of the ash or fabricated materials, 
measurement of their properties and elucidation of their aqueous reactions dur- 
ing processing or after disposal. The symposium schedule will be designed to 
mesh with another MRS Symposium, J, on very high strength concrete (a major 
option for utilization of fly ash). (see below) 
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The following topic areas are representative of the content that is being 
solicited as oral and written presentations: phase characterization of com- 
bustion wastes; trace element partitioning in combustion waste; leachabilities 
(kinetics and mechanisms) of trace elements in combustion wastes; recovery from 
ash; utilization of ash. 


Abstracts and one- to two-page summaries must be received by Dr. Turgut 
Demirel, Iowa State University, Dept. of Civil Engineering, Ames, IA 50011, 
Dr. Barry E. Scheetz, Materials Research Laboratory, The Pennsylvania State 
University, University Park, PA 16802, or Dr. Gregory McCarthy, North Dakota 
State University, Dept. of Chemistry, Fargo, ND 58105 by June 15, 1984. Papers 
will be selected by the sumposium co-chairman and authors will be notified of 
acceptance by July 30, 1984. Accepted papers will be published in appropriate 
refereed Journals. 


aterials Research Society Symposium, J, dealing with THE POTENTIAL FOR 
VERY HIGH STRENGTH CEMENT-BASED MATERIALS will also be held in Boston, MA, 26- 
30 November, 1984. The fourth in a series devoted to cementitious materials, 
it is concerned with the concretes with strengths in excess of 10,000 psi (70 
MPa). The two-day symposium will have two sessions dealing with the fundament- 
als of achieving very high strength cement-based matrices. A further two ses- 
Sions will be devoted to applications, both in civil engineering areas where 
cement and concrete have traditionally been used, and in new areas where former- 
ly ceramics, metals, or reinforced plastics have been used. It is the aim of 
the symposium to explore the limits to high strength and examine the transition 
from a traditional structural material to a low temperature ceramic-type mater- 
jal. Both invited and contributed papers will be presented. 


Papers are solicited for the following areas: 1) Microstructure - influ- 
ence of hydration products, aggregates, and other solid phases on properties; 
2) Porosity and pore size distributions - influence on properties; 3) Frac- 
ture - application of fracture theories, improvement of ductility; 4) Civil 
engineering applications - new processes, applications, concrete properties; 
and 6) Novel applications in areas not traditionally associated with cements 
and concretes - e.g. replacements for ceramics, metals, or plastics. 





NEWS ITEMS 


Abstracts and one- to two-page summaries must be received by Dr. J. Francis 
Young, 3209 Newmark Civil Engineering Laboratory, University of Illinois, 208 
North Romine, Urbana, IL 61801, by June 15, 1984. Papers will be selected by 
the sumposium co-chairman and authors will be notified of acceptance by July 30, 
1984. Accepted papers will be published in full in a sumposium volume, after 
being refereed. Authors must send two copies of the complete text to reach Dr. 
Young by Nov. 1, 1984 in order to have their paper included in the Proceedings. 


Write to Dr. Young to obtain the formats for the abstracts and for any addition- 
al information. 


REPORT 


An IUTAM Symposium on "Mechanics of Geomaterials: Rocks, Concretes, Soils,” 
dedicated to the memory of William Prager, was held at Northwestern University, 
September 11-15, 1983, under NSF sponsorship (and chaired by Z.P. Bazant). The 
primary objective of the Symposium was to promote interdisciplinary cooperation 
by bringing together mechanics specialists from various professional fields, 
such as structural and geotechnical engineering, geophysics, mining, nuclear 
reactor safety, and ocean engineering, which abound with problems that are sim- 
ilar from the mechanics viewpoint. After IUTAM President D.C. Drucker's open- 
ing lecture outlining Prager's impact on the evolution of inelastic continuum 
mechanics, 8 sessions introduced by 15 principal lectures addressed a wide range 
of timely topics selected by an International Scientific Committee co-chaired by 
Bazant and Rice. Dougill and Gudehus reviewed constitutive modeling and Grady 
discussed the behavior of solids with a system of cracks, Ruina, Evans and Wong 
treated shear localization in rocks, faulting and frictional slip, and Ingraffea 
and Bazant analyzed fracture propagation in rock and concrete. Subsequently, 
Rudnicki and Horrigmoe treated pore fluid effects in rock and concrete, Anderson 
and Wittmann examined creep and shrinkage and aging of concrete, Zienkiewicz, 
Baron and Sandler reviewed numerical modeling and dynamic analysis, and finally 
Mroz explored modern trends and new directions. Discussers' reports, prepared 
by Chen, Ehrlacher, Rice, Cleary, Pister and Bergan, critically examined the 
principal lectures and stimulated lively general discussions, to which more than 
half of the time was devoted. The questions of strain-softening, progressive 
fracture and damage, as well as stability, uniqueness and continuity in consti- 
tutive modeling, provoked the most intense and spirited debates. The questions 
of measurement and identification of material parameters, better design of ex- 
periments, and micro-mechanics of crack systems, also received much attention. 
Eagerness to discuss was aided by a 664 page Preprint Volume (deposited with 
NTIS), which was distributed in advance to all registrants. Various new results 
were reported in 20 short contributions. Symposium proceedings, featuring sub- 
stantially revised, updated and expanded principal lectures and discussers' re- 
ports, are planned to be published by J. Wiley, London (edited by Z.P. Bazant) 
by the end of the summer of 1984. The book will also contain brief summaries 
of the main ideas, opinions and criticisms that transpired in the discussions, 
as recorded by Dafalias, Holcomb, Teufel, Ouchterlony, Cowin, Cedolin, Prevost 
and Sture. 
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SOFTWARE SURVEY SECTION 


It is planned to introduce a new Software Survey Section to CEMENT and 
CONCRETE RESEARCH to encourage the open exchange of information on software 
programs unique to our professional field. With the rapid penetration of 
computers into academic and industrial institutions has come a parallel in- 
crease in the number of scientists and researchers designing their own soft- 
ware. The existence of much of this software remains unknown to even those 
of us who could most benefit from its use. We believe that it is of vital 
importance to our readers that such information be made available. We be- 
lieve also that a professional journal is the best place to share such in- 
formation. Your contribution would be most welcome. 





The questionnaire on the following pages is designed to assist you in 
reporting on software that you may have developed or be in the process of 
developing. By completing this form, your information will reach thousands 
of your colleagues who may benefit from your work and may possibly offer 
Suggestions for further enhancements to your software. Please complete the 
enclosed form and return it to: 








Kathleen S. Mourant 
Assistant Editor 
CEMENT and CONCRETE RESEARCH 
Materials Research Laboratory 
University Park, PA 16802 USA 











We do not intend to review or comment on the contents of the question- 
naire. It will be published as is in order to expedite the information 
cycle process. We welcome any comments you may have. 
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CHARACTERIZATION AND UTILIZATION OF THE BY-PRODUCTS 
OF COAL COMBUSTION AND GASIFICATION 


PREFACE 


The characterization of fly ash and its utilization as a cement 
replacement in concrete are well known to readers of this journal. The 
collection of papers in the first half of this issue highlights these topics. 
They are based on selected presentations in Symposium K* at the 1983 Annual 
Meeting of the Materials Research Society. -Also included are several papers 
dealing with the characterization and utilization of coal gasification ash, 
steelmaking slag and utility boiler slag and bottom ash. By-products such as 
these have found limited uses in such materials as concrete aggregate, blended 
cement and mineral wool. The potential for utilization of all of these solid 
wastes is much greater. Increased utilization would contribute toward meeting 
the often stated long-range goal of a materials economy based heavily on 
recycling of wastes. Additionally, much of the cost of waste disposal could 
be avoided if such materials were recycled. 











This collection of papers opens with contributions by Sidney Diamond and 
Gunnar M. Idorn in which the utilization of fly ash in the US and the state- 
of-the art in its utilization in concrete are described. 










While many of the barriers to increased utilization of the solid by- 
products from coal combustion and conversion involve economics, transportation 
and geography, others derive from uncertainty about the nature and 
reproducibility of these materials and how they behave chemically and 
physically in various applicat‘tons. The papers from the two North Dakota 
Universities on fly ash from the Western United States and on low-rank coal 
gasification ash focus on the application of materials characterization to 
determination of crystalline phases in two types of coal by-products. The 
contributions from Penn State and from Imperial College and the CCA in the UK 
increase our understanding of the hydration mechanisms and phase formation in 
cements incorporating fly ash. The Iowa State group uses chemical modelling 
and x-ray diffraction characterization to examine the Lime Pozzolanic Activity 
Test and questions its applicability as presently written to high-calcium 
Western US fly ashes. As noted by Sidney Diamond, the two chief applications 
of coal ash utilization are blended cement and soil (roadbed) stabilization. 
Scott Schlorholtz and Turgut Demirel have used XRD to explore the reactions 

















*uMaterials Characterization Applied to Utilization, Immobilization and 
Disposal of Solid Wastes," held November 16-17, 1984 in Boston MA. 
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that lower the effectiveness of soil stabilization by lime and, by inference, 
by high-lime fly ash. 


Oscar Manz points out that ash is not limited to these two applications. 
In his paper, engineering-scale demonstrations and testing of four other 
products that utilize coal by-products are described. Materials 
characterization applied to incorporation in concrete of another industrial 
solid waste, metallurgical slag, is the subject of a second report from Penn 


State. 


A symposium entitled "Coal Combustion and Conversion Wastes: Character- 
ization, Utilization and Disposal" will be held in conjunction with a 
symposium on "The Potential for Very High Strength Cement-Based Materials" at 
the 1984 MRS Annual Meeting in Boston on 26-30 November, 1984. Information on 
the former symposium can be obtained from me at the Department of Chemistry, 
North Dakota State University, Fargo, ND, 58105, USA. J. F. Young (University 
of Illinois, Urbana) and Sidney Mindess (University of British Columbia, 
Vancouver) are Co-Chairman of the latter symposium. 


Gregory J. McCarthy 
Guest Editor 
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THE UTILIZATION OF FLYASH 


Sidney Diamond 
School of Civil Engineering 
Purdue University, West Lafayette, IN 47907, U.S.A. 


(Communicated by D.M. Roy) 
(Received Dec. 5, 1983) 


ABSTRACT 
An informal overview is provided of the present status of the 


utilization of flyash, with special reference to the situation 

in the U.S. Approximately 48 million tons per year are produced, 
of which approximately 8 million tons are utilized, almost half 
by utilities themselves. Of the 4.5 million tons sold for ex- 
ternal utilization, approximately 60% is used in concrete-related 
uses, mostly as a mineral admixture. A brief summary of typical 
properties of low-calcium and high-calcium flyashes is provided, 
with special reference to differences in potential utilization. 


Introduction 





This paper was prepared as a keynote talk for a symposium session on 
the utilization of flyash with primary focus on the current American situ- 
ation. Despite the concentration on U.S. practice, it is hoped that the 
information and ideas presented will be of some interest to the internation- 
al cement and concrete research community. 


Flyash Production and Utilization Statistics 





It is generally known that the volume of flyash produced in most coun- 
tries exceeds the volume that can be utilized productively by a large margin, 
but statistics are not generally available. A RILEM committee (Technical 
Committee 73-SBC, under the chairmanship of P. K. Mehta) is in the process 
of attempting to secure and analyze such information on a world-wide basis. 
Table 1, used by permission, is the Committee's compilation of estimated 
1982 flyash production in a number of countries. Statistics for the Soviet 
Union, a major producer, and for other Eastern European countries are gen- 
erally unavailable. 


In the United States, annual statistics on flyash production and utili- 
zation are compiled by the National Ash Association (1). These statistics 
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Estimated 1982 Flyash Production 





Production 


Country (tonnes) 
CSA. 43,600,000 
China 31,000,000 
United Kingdom 16,000,000 
India 10,000,000 
South Africa 10,000,000 
France** 4,000,000 
Canada 2,000,000 
Denmark 1,000,000 
*1980 ** 1981 


consequence, annual 
flyash production has 
been essentially con- 
stant since 1977, with 
the single exception 
of 1979. 


A similar histor- 
ical prospective on the 
utilization of flyash 
in the U.S. is pro- 
vided in Fig. 2. The 
utilization figures are 
somewhat more variable 
year-by-year than the 
production figures, 
as might be expected. 
The annual usage fig- 
ures do not show a 
clear upward trend, 
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are kept in avoirdupois tons, rather 
than in metric tonnes or SI units, and 
for convenience will be discussed in 
terms of the original units. 


Fig. 1 provides a historical 
prospective on flyash production in 
the United States from 1976 to 1982, 
the last full year for which statistics 
are available. It is apparent that 
1979 was a year of high flyash pro- 
duction. Predictions of substantial 
annual increases in flyash production 
made by many observers at that time 
failed to materialize because of the 
general industrial recession. In 
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as might have been expected from the surge of current interest in flyash in 


18 
| 


Lod 





ee a ee] 


1 n 78 


U.S, FLYASH UTILIZAT 





es 
0 





\0N 


19 


1976-1982 





8@ 


Data: National Ash Association 


2 aes 
nas 


Annual Utilization of Flyash in the 
1976 - 1982 


the concrete litera- 
ture. Rather, the 
annual usage is seen 
to have fluctuated 
around an average of 
about 8 million tons 
Since 1977. 


Statistics are 
available to provide 
a more detailed 
picture of the cur- 
rent state of U.S. 
ash production and 
utilization, as of 
19382. The total pro- 


duction of coal burn- 
ing utility plant 
Solid wastes in 1982, 
including flyash, 
bottom ash, and boiler slag (wet bottom ash), amounted to some 65 million 
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tons. Of this total, it is obvious that the 48 million tons of flyash is 
predominant. Of the flyash, as previously indicated, approximately 8 million 
tons, or 17%, was utilized in some way and 40 million tons were dumped, us- 
ually in wet lagoon storage dumps. The prospect of trace element contami- 
nation of ground water from these storage sites has concerned environmenta- 
lists for many years. 


Of the approximately 8 million tons of flyash utilized in 1932, the 
National Ash Association statistics indicate that close to half, 3.5 million 
tons, was used by the utility companies themselves. The major cited use was 
for structural landfill, but a large share of the total usage was designated 
as "miscellaneous". The writer suspects that much of this was used to help 
solidify liquid flue gas desulfurization scrubber sludge to permit handling 
the large volumes of fluid involved. Indeed, he has recently been informed 
that in some areas certain utilities find themselves in the anomalous po- 
sition of having to purchase flyash on the open market for this use. Should 
stringent measures against “acid rain" difficulties be invoked in the future, 
it is possible that this usage may increase tremendously, especially in the 
Midwestern region of the U.S. 


In 1982, the statistics indicate that approximately 4.5 million tons 
of flyash were sold by utilities, either directly or through flyash brokers. 
The major uses to which this flyash was applied are summarized in Table 2. 
Table 2. Details of Flyash Utilization ee ee 

US. TOR? ash sold for externa! use 
saeisemunsicntaciammiean in 1982 was used in the 

e298 cement and concrete indus- 
End Use Usage, Millions of Tons try. It is thus easy to 

Cement and concrete understand the extent of 

Structural fil] — of flyash-produc- 

Grouting ing utilities and flyash 

Highway base courses brokers with the concrete 

Filler in asphalt mixes ; + sig gue the place of 

. . . yash in concrete tech- 

Coal mining applications , 

Miscellaneous uses nology. The next four 
specified uses, structural 
fill, grouting, highway 

base courses, and filler in asphalt mixes, also involve aspects of civil 

engineering practice. It is thus apparent that the main market for flyash 
sales is the civil engineering or construction segment of the economy. 


Undoubtedly the details differ by country around the world, but the 
author believes that the same general picture prevails in most countries. 


It is instructive to further examine the specific uses of flyash with- 
in the cement and concrete field. There are basically three different 
uses encompassed here: flyash as a cement manufacturing raw mix component, 
flyash as a blending or intergrinding component in portland-flyash blended 
cements (in the U.S. designated "portland-pozzolan" or "pozzolan-modified 
portland" cements), and flyash as a mineral admixture added separately to 
a concrete mix, with some of the cement usually being withheld. 


The relative trends among these separate components of the cement and 
concrete market for flyash are instructive. According to National Ash 
Association statistics, of the almost 1.5 million tons of flyash used in 
the industry in 1977, almost half was used as cement plant raw mix, and only 
a small portion was used as a mineral admixture in concrete. The situation 
had changed drastically by 1979, the year of highest flyash utilization in 
the U.S. By 1979 cement and concrete utilization had almost doubled, to 
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2.7 million tons, but the proportion of it representing cement plant raw 

mix had halved, and the proportion representing use in blended cements had 
been reduced even more. In contrast, the proportion representing direct ad- 
mixture usage in concrete increased dramatically, to almost 3/4 of the whole. 


Between 1977 and 1979 there was a local shortage of portland cement in 
some regions of the U.S. It appears that many concrete producers were in- 
duced to use flyash simply to stretch out their available supplies of port- 
land cement. Once accustomed to such use, and to its consequent economic 
and processing advantages, it appears that a large number of these produc- 
ers have continued to incorporate flyash in their concrete, even though an 
oversupply of portland cement is now available. 


The National Ash Association unfortunately discontinued its breakdown 
of cement and concrete usage of flyash into these separate components 
after 1979, and for succeeding years on the total usage is known. 
However, the writer is of the opinion that the present usage is substantial- 
ly similar to that shown to exist in 1979, and that if anything, the pro- 
portion used as an admixture in concrete is growing. 


This pattern of use may vary considerably from country to country, de- 
pending on local supplies of cement raw mix components and on the customary 
usage of blended cements. In many European countries it appears that blend- 
ed cements, many containing flyash, dominate the market for portland cement, 
and the use of flyash as a mineral admixture is much less widespread. 


Properties of Flyashes in Relation to Utilization 





The several distinct end uses for flyash differ considerably among them- 
selves in the stringency of the properties required in the flyash for suc- 
cessful use. 


The success of flyash in structural fill applications rests primarily 
on the ability of the material to be compacted to a reasonably strong layer 
of low unit weight. This is a function primarily of particle size distri- 
bution, and to some extent of the content of spherical particles. The 
chemical characteristics of the flyash are secondary, although the post- 
compaction cementation provided by some high-calcium flyashes is likely to 
prove beneficial. 


Grouting applications and the use of flyash as a filler in asphalt 
mixes and in other systems also depend primarily on the physical character- 
istics of the flyash - again, particle size distribution and sphericity. 


With highway bases chemical considerations come into play, although not 
in an important way. Stabilization of some base courses (and stabilized 
subgrades) may rest on lime-flyash chemical reactions, i.e. the classical 
"pozzolanic" reaction ,with lime added for the purpose. Low-calcium fly- 
ashes may be entirel.’ satisfactory or even preferred, especially where suf- 
ficient time is available for these slow reactions to take place. The only 
real chemical requirement is that the flyash have a sufficient content of 
glass that eventually will react with added lime. Some road base appli- 
cations of flyash depend on the physical effects of flyash incorporation 
rather than its reaction with lime. 

The cement and concrete end-use areas are by far the most demanding of 
the flyash in terms of adherence to strict criteria and requirements. How- 
ever, the requirements differ considerably depending on the specific end 
use involved. 
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Flyash for use as a raw material in cement manufacture is sold and used 
primarily on the basis of its chemical composition, as expressed in the usual 
oxide convention. Such factors as glass content, the type of crystalline 
matter present, size distribution, etc.,are relatively immaterial. Even high 
carbon content, which may be limiting in most other end uses, may actually 
be beneficial in cement raw material use, since it provides a definite (al- 
though modest) proportion of the fuel needed. Uniformity and chemical con- 
sistency from day to day and week to week is the prime necessity. 


Flyash for use as a blended cement component shares some of the reauire- 
ments for both raw material and direct concrete admixture use. Since such 
flyash eventually is incorporated in concrete, its chemical and physical 
Characteristics must be suitable for that purpose. However, since little or 
no adjustment can be provided at the concrete mixing stage, flyash for use 
in blended cements must be of consistent and uniform chemical and physical 
characteristics, the consistency and predictability being as important as 
the numerical values of the various parameters involved. Since the blended 
cement manufacturer has little control over the concurrent use of chemical 
admixtures or of mixing and curing conditions, the flyash used should be 
relatively insensitive to such variations. Especially to be considered here 
are rheological effects, strength development characteristics, and possibil- 
ities for developing efflorescence. The color of the ash and its effect on 
the color of the final concrete to be produced by the blended cement may also 
be of importance. 


Flyash for use as a mineral admixture is subject to certain standard 
requirements’ in the U.S. as it is in most countries, but the requirements 
are not unduly restrictive. The physical and chemical characteristics that 
govern its behavior in concrete are only beginning to be understood in detail. 
They include such parameters as the nature and amount of the glass present, 
the specific crystalline components buried within or deposited on the glass 
spheres and whether or not they are reactive, the nature and solubility of 
the alkalies and sulfate present, etc. These are in addition to the wéll- 
understood concern with total chemical composition, particle size distri - 
bution (especially of the coarsest fraction), carbon content as determined 
by ignition loss, and possible tendency toward unsoundness or inadequate 
resistance to sulfate attack. 


Specific Characteristics of Flyashes Related to Utilization in Concrete 





Up to this point, the writer has deliberately avoided drawing attention 
to the very considerable dichotomy that exists in concrete-related charac- 
teristics of flyashes between typical low-calcium and typical high-calcium 
flyashes. However, it is not possible to discuss flyash utilization in 
concrete in any detail without considering the wide disparity in properties 
and behavior of the two varieties of flyash. 


Low-calcium flyashes are roughly coincident with what present ASTM 
specifications call "Class F" flyashes, and high-calcium flyashes with 
ASTM "Class C" flyashes, but the formal basis for the distinction in the 
present specification is anomalous. Most of the Class F flyashes are from 
bituminous coal, in the United States mined mostly in the East. The high 
calcium flyashes are produced by burning coals with high limestone (and 
Sometimes gypsum) contents. These are primarily lignite and to some extent 
sub-bituminous coals, in the United States mined mostly in the West. To some 
extent the sub-bituminous derived flyashes are transitional between the 
other groups, depending on their calcium contents. 
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Despite the importance of the distinction in concrete applications, no 
Separate statistics are kept by the National Ash Association on either pro- 
duction or utilization of the two kinds. It appears to the writer that both 
production and utilization of high-calcium flyashes are increasing. 


An idea of the differences in chemical composition between the two types 
of ash can be obtained from the data of Table 3, derived from a recent pre- 
sentation by Cook (2). While the values refer specifically to two individual 
flyashes and are not general averages for each type, they do serve to il- 
lustrate reasonable examples of low-calcium and high-calcium flyash compo- 
sition, respectively. 

The silica contents of 
Table 3. high-calcium flyashes are 
Illustrative Flyash Compositions somewhat variable, and may 
be as high as those of some 
Low Calcium High Calcium low-calcium ashes. Alumina 
("Class F") (Class "C") contents may not be as vari- 
able. Iron oxide contents 
of high-calcium flyashes are 
usually lower than those of 
the Class F ashes, even 
though the iron oxide contents 
of Class F ashes are mostly 
not as high as the one il- 
lustrated in Table 3. 


The major distinction 
1.3 0.3 between the two groups is 
' ‘ CaO content. The 29% Ca0 
0.3 fae content for the specific 

Class C flyash shown is not 
unusually high for a lignite- 

derived flyash, although flyash of intermediate CaO contents, often derived 

from sub-bituminous coals, are also found. 


The remaining elements are often considered to be of less importance, 
but this is not necessarily so. Again, differences between most low-calcium 
and most high-calcium flyashes occur. 


For example, the MgO contents of high-calcium flyashes are usually 
quite high, the 5% figure for the high-calcium flyash in the table being 
by no means atypical. Geochemically, Mg is a natural and expected associate 
of Ca, and many of the lignite-based flyashes are likely derived from dolo- 
mitic limestones contained within the coals. Analytical MgO usually includes 
both MgO in the glass phase and crystalline periclase. 


The typically higher S03 contents of high-calcium flyashes may reflect 
either readily-soluble alkali sulfates (primarily sodium), or calcium sul- 
fate (anhydrite), or both; CgA3S is sometimes reported as well. Some high- 
calcium flyashes, derived presumably from coal with substantial gypsiferous 
content, may have S03 contents as high as 10% or more. 


The alkali contents and activities of low-calcium flyashes and high 
calcium flyashes seem to differ substantially. Many low-calcium flyashes 
have substantially more K20 than Nag0, and the K»o0 seems to be primarily 
a constituent of the glass, and not readily soluble or available. On the 
other hand, many high-calcium flyashes have much more Nag0 than K20, and the 
Nag0 is often as readily-soluble sulfate. 
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The table above does not include values for percent 10ss-on- 
ignition. This value is obviously a reflection of the efficiency of the 
combustion process rather than an intrinsic characteristic of flyash that 
can be traced to coal chemistry. Values for modern high-calcium flyashes 
are usually very low, of the order of 1%, primarily because these are 
commonly produced by newer power plants operating with commendable effici- 
ency on low-rank but quite uniform coals. Low-calcium flyashes produced 
in modern plants may have equally low carbon contents, but low-calcium 
flyashes produced by older and more-inefficient plants are also common, 
and may have carbon contents up to 10% or more. 


Chemical analysis results are of substantial importance in character- 
izing flyashes for use in concrete, but other characteristics reflecting 
certain physical properties may be equally important. Table 4, also deriv- 
ed from data provided by Cook (2) summarizes some of these properties for 
the two illustrative flyashes whose compositions were given in Fig. 3. 


As suggested by the Table 4. 


a ie fot il Properties of Illustrative Flyashes 
particles is often sub- : , 
stantially lower in high- risabenmresn Ho dion 
calcium than in low- RBS SR a an tee ON 
calcium flyashes. Often Retained on No. 

the entire size dis- 325 Sieve g 16 
tribution is finer as 
well. 





Specific Gravity 2.67 

. , Pozzolanic Activity 

fic gravity is often Index (% of control 

somewhat higher, perhaps strength at 28 days) 88 101 
indicative of lesser Water Requirement 

contents of hollow (% of control) 100 92 
spheres (cenospheres 

and plerospheres). The pozzolanic activity index, as measured with cement 
after 28 days of curing at slightly elevated temperature, is almost always 
substantially higher for high-calcium than for low-calcium flyashes, and 
indeed the strengths at this time often exceed those of the reference cement 
paste,as it does for the flyash illustrated. 


There are often differences in water requirement, i.e. water reducing 
effect, between low-calcium and high-calcium flyashes, usually favoring 
the latter. Perhaps this is a reflection of reduced contents of oversized, 
often non-spherical particles in the high-calcium materials. Some ex- 
ceptionally coarse low-calcium flyashes may actually increase water demand 
in concrete. 


Conclusions | 


Flyash utilization in the U.S. currently is at a level of about 8 
million tons per year, representing about 17% of current production. Near- 
ly half the utilization is by the utilities themselves. About 60% of the 
4 1/2 million tons per year sold externally is used by the cement and con- 
crete industry, most of it as "mineral admixture" rather than as a blended 
cement component or cement raw material. Other major uses are mostly civil 
engineering related, and include structural fills, grouting, and highway 


bases. 
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Mineral admixture (or "cement replacement") usage tends to be more de- 
manding of the chemical and to some extent physical characteristics of the 
fliyash than are most other uses. 


A distinct dichotomy exists between the chemical and technological 
properties of low-calcium and high-calcium flyashes, considerably affecting 
their behavior in concrete and to some extent, in other uses as well. The 
relative amounts of the two types currently being produced are not currently 
being monitored, but it appears that utilization of the high-calcium fly- 
ashes is increasing rapidly. Overall utilization of flyash in the U.S. does 
not seem to have increased significantly in the last few years. 
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ABSTRACT 
An overview of accomplishments in recent research and of attractive 


further work for improvements of the uses of fly ash in concrete is pre- 
sented. 

Improved workability of fresh concrete, reduction of peak curing tempe- 
ratures and increase of the denseness of hardened concrete are being 
recognized as attainable advantages in practice. Also pozzolanic reacti- 
vity as protection against reactions with alkali-susceptible aggregates 
is of increasing interest. 

There is in research a trend towards more work about the characterisa- 
tion of fly ashes in relation to chemical composition and mineralogy 
structure. Also their impact on the rheology of fresh cement paste, on 
the energetics of the hydrating system and on the microstructure of har- 
dened cement paste is increasingly being studied. More interaction with 
other branches of materials science is still desirable. 

The practice-research relations are demonstrated by experience with use 
of fly ash in the concrete of a major bridge construction in Denmark. 
Coherent research and development efforts are found commendable. 


Introduction 


A formidable amount of research on fly ash utilization in concrete has been car- 
ried out since the commencement of the energy crisis. It seems justified to 
assume that the R&D investments in percentage of sales of fly ashes must by far 
have exceeded the general expenditure to R&D on cement and concrete in percenta- 
ge of sales of these commodities. This latter expenditure was less than 0.03% of 
gross sales in the US cement industry and less than 0.01% in the concrete produ- 
cing industry in 1978, (1), and not significantly different in most countries 
abroad. Numerous large conferences have been arranged for presentation of 
research results regarding fly ash utilization during the last ten years. The 
two preceding annual meetings of the Materials Research Society have provided a 
forum for basic research and technology development problems for the use of fly 
ashes as supplementary cementitious material in concrete (2), (3). 

The societal background for the broad support to the R&D regarding fly ashes 
uses in concrete is clear enough. World production of fly ash is approaching 
400m tons per year, which is about 50% of the global cement production. A gene- 
ral 20% substitution of cement by fly ash would represent a potential of about 
10% replacement of cement production in the world, at no fuel costs. In _ some 
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R&D in a typical industry innovation program 
commencing 1971. The initial basic research 
represents max. about 5% of the total deve- 
lopment costs. New cycles of development are 
sa RSC envisaged about each five years. As a _ whole 
oo R&D form part of the industry management. 


ee 


76 


Fagsa. 


parts of the world, fly ash is not available, whereas the feasibility in other 
regions is’ enhanced by the production of excessive quantities, and by problems 
with disposal arrangements. 

Geographic and social aspects of the fly ash issues have probably stimulated 
universities and funding agencies to take much interest in the research. The 
easy access for universities to disseminate research results through the _ edu- 
cation represents a higher rate of communication from basic research to enginee- 
ring practice, than the general low tide for cement and concrete research has 
allowed for a long while. 

However, despite the intensity of research the utilization of fly ashes in con- 
crete is still far from approaching exhaustion of the resources. 

The production of fly ashes in the US was about 48 million tons (short) in 1982. 
8 million tons were used. 2.68 million tons were used for cement and concrete 
products (4), while the potential ought to be between 10 and 20 million tons or 


more 
The Influence of the R&D Structure 


Figure 1 displays the general system approach to R&D which industries other than 
cement and concrete, and familiar to several branches of the Materials Research 
Society, are accustomed to operate. In fact, within the high-technology areas 
basic research is becoming more and more an integrated part of even’ short-term 
industry innovation. And _ the high-technology education is coming under conti- 
nuous impact of "backfiring" from research achievements for renovation of cour- 
ses, projects and textbook-modules. This happens largely through university-in- 
dustry cooperation. 


In the comparable, conventional approach to the development of concrete’ tech- 
nology, the research is not coherent or comprehensive, and the transfer from 
research to technology must overcome institutional and organisational barriers. 
The development is also delayed by fragmentation of the profits from innovative 
undertakings, which makes it difficult to find sponsors with incentives for con- 
centration of research investments. These circumstances are also delaying the 
incorporation of new research in the engineering and research educations. 

It is also a factor of deferment for renovation of the education in the fields 
of utilisation of fly ashes with cement that an analytical approach prevails in 
the design/construction engineering disciplines, also towards technology. Struc- 
tural design theory is in its entirety applied mathematics, and the tendency is 
strong to request technology to be simplified to numerical limits and criteria. 
Over the years this tendency has pushed the technology research to become overly 
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analytical oriented. 

The R&D for fly ash utilization requires a renovation of descriptive and concep- 
tual approaches so as to provide model-true physico/chemical knowledge as_ basis 
for technology. Almost a decade of research communications about fly ash utili- 
zations show that many results are mutually incompatible because their validity 
are confined by special testing circumstances, remote from the conditions for 
field concrete works, and without theoretical clarifications. 

Even in the two previous MRS proceedings for the symposia N and M (2), (3) there 
is a considerable gap between empiric engineering-orientated and basic 
science-orientated presentations, whereas both types of the research show a 
clear preference for analytical rather than conceptual studies. This state of 
the art does not depreciate the progress of knowledge per se, but demonstrates 
that industrially required congruence and integration of basic research and 
technology is an issue worthwhile to discuss. 


The Concrete Technology Issues 


In concrete engineering the technology operations and evaluations are catego- 
rized in: 


o Materials as purchased. 
o Processing of concrete. 
Mixing and placing. 
Curing. 
o Performance of product, structure or building 


Transformed into technology issues these categories can be keyworded: 


Characterisation and classification of fly ashes and of the cement with 
which they are to be used. 

Assessment of the impact of fly ashes in concrete on the rheology during 
mixing and dormancy(transport and placement). 

Determination of the mutual influence of fly ashes and cement on_ the 
heat/strength development and the structure formation of the cement paste 
during early curing. 

Elucidation of the characteristics of hardened concrete with fly ashes 
during long-term performance, i.e. the strength and deflections and che- 
mical resistance, or: the long-term evolution of denseness (porosity, per- 
meability, diffusivity) until ageing and degradation begins when full hyd- 
ration is reached. 


Characterisation of Fly Ashes 


There are two ways in which the engineering community approaches the characte- 
risation of fly ashes: by direct assessment of their basic materials' proper- 
ties, and by simplified performance model tests. 

The direct assessment of the properties of fly ashes has been much stimulated by 
recent research studies, see e.g. (5), 6), 7), (8) and others. These’ studies 
have in particular dealt with the chemical and mineralogical compositions of fly 
ashes. More studies in cooperation with the industry about the opportunities and 
problems by manipulating the fly ash properties seem desirable. 

Chemical composition. Two "species" of fly ash have emerged from chemical ana- 
lyses and characterisation of origin: The ASTM class C (lime-rich), and class F 
(lime-poor). 

Class C fly ashes are readily activated by their own lime-content and/or by the 
calcium hydroxide released during the portland cement hydration. 

Class F fly ashes are readily activated, at first by the alkalis released by the 
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portland cement after mixing and during early hydration - as demonstrated by the 
ability of class F fly ashes to prevent alkali-aggregate reactions in concrete - 
and subsequently they may be activated by the calcium hydroxide released during 
the portland cement hydration, as suggested by the long-time growth of strength 
of concrete made with class F fly ashes. 

The primary distinction between the class C and class F reactivity must = appa- 
rently be related both to the Ca/Si0 ratio of the composition and to the 
Ca/alkali concentration in the liquid phasé of the reacting system. 

There is evidence, (9), (10), (11) that the alumina-phases in the fly ashes also 
play a role for the hydration. Likewise, sulfates in the liquid phase are acti- 
vators and create secondary complex, hydrated phases. 

Altogether, the complexity of the reacting systems with fly ashes, portland 
cements and water is still generally characterised by regulatory simplifications 
which may suffice for large scale comparative characterisations of the fly ash 
types. However, for evaluation of their effects in concrete more work, which 
Simulates the activating circumstances, is required. 

Mineral composition and structure. While portland cement hydration primarily 
depends upon the chemical composition of its crystalline compounds, it is gene- 
rally assumed that the reactivity of fly ash, in particular of class F, depends 
upon a high content of glass and only a minor content of crystalline consti- 
tuents. Apparently the level of calcium content has an influence, for granulated 
blast-furnace slag, with a chemical composition between class C and class F fly 
ashes, is generally designated a "latent hydraulic material" (or "cementitious" ) 
for which a high glass content is considered favourable. Class F fly ash is in 
contrast often designated "pozzolanic", as being of a lower degree of hydrauli- 
city and requiring an activator (which calcium hydroxide is considered to be), 
even when of high glass content. 

There are many recent studies with information which is useful for further cla- 
rification of the chemistry/mineralogy issues of fly ash reactivity in a port- 
land cement system. A conceptual approach based on thermodynamics might be use- 
ful for research aiming at concrete technology development. 

Particle size distribution. The particle size distribution of fly ashes is 
also generally recognized as a parameter for their reactivity, just like the 
particle size distribution of portland cements is recognized as a parameter ffor 
their rates of hydration and strength development. Nevertheless, more quantita- 
tive characterisation of the particle size distributions for both components of 
a cement with fly ash would add to the value of many research studies, and would 
also be advantageous to learn for design and monitoring of the uses of fly ashes 
in engineering practice (12). 

The effects of the chemical composition, the mineral composition and the partic- 
le size distribution of the fly ashes and portland cement in mixes determine 
together the energetics of the reacting system, and in engineering technology: 
the hydration products, their morphology and strength, pore characteristics and 
resistance to external aggressivity, as well as the rate of development of their 
properties during concrete production. 








Rheology of Fresh Concrete 


Recent research, (13), (14), (15), (16) and others suggests that basic theory 
concerning the mechanics of the rheology and surface chemistry of cement paste 
need to be applied for proper assessment of the impact on the workability of 
concrete with slag and fly ashes. In many cases in practice improvement of the 
workability has been ascribed to the addition of fly ash to particular cements, 
and the present paper is mentioning one such case. Chemical admixtures are also 
now commonly used in major construction works in order to obtain special quali- 
ties. The effects of addition of fly ash can therefore not be evaluated as sepa- 
rate from the effects of other admixtures and of the cement characteristics. The 
research should be aware that in this variety of opportunities for refinements 





FLY ASH, CONCRETE PRACTICE, USES, ADVANTAGES 


of concrete making in practice the savings in materials and labour costs are 
already operating incentives for engineering endeavours. Applicable research for 
manipulation of the properties of fresh concrete by fly ash is thus promising of 
attractive returns on the investments. 


Curing of Concrete 


Also research on the concrete curing process has been intensified in recent 
years. The applicability of the maturity concept was demonstrated at the 7ICCC, 
(17), at which conference it was also reported that the activation energy for 
blended cement with blast-furnace slag (65% slag) was about 10% higher than for 
pure portland cement, (18), (19). , 
Numerous authors have in past and recent research observed that additions of fly 
ash are likely to cause reduction of peak curing temperatures during curing of 
cement paste and concrete. In the absence of calorimetric measurements these 
findings must be considered qualitative evidence that the heat released by the 
initial hydration of portland cement functions as activator of the early hydra- 
tion of fly ash together with the immediately dissolved alkalis from cement and 
fly ash. A subsequent, long-term hydration of fly ash continues with calcium 
hydroxide as activator as long as the portland cement continues to hydrate. More 
studies of this complex course of the hydration of cement with fly ash at rea- 
listic curing conditions are wanted for providing input data to curing technolo- 
gy programs. 


Structure and Resistance of Hardened Concrete 


Several workers, (20), (21), (22) have shown that remarkable reductions of poro- 
sity and of the larger fraction of pore-sizes in hardened cement paste can _ be 
attained by blending fly ash (or blast-furnace slag) with portland cement. This 
effect of the mineral admixtures corroborates that by their hydration they supp- 
ly supplementary pore-filling and thereby densifying compounds, akin to _ the 
C-S-H initially formed by the portland cement hydration. Concurrently, at first 
the alkalis and subsequently calcium hydroxide are incorporated as solids in the 
basic C-S-H morphology. The densification at the same time accounts ffor the 
long-term strength increase which is typical of well designed and cured concrete 
with fly ash. 

The described conception of fly ash hydration may seem to be contradicted by 
thin section and scanning-electron-microscope observations of cement paste and 
concrete in many papers, showing numerous unhydrated fly ash particles. 
Considering the quantity of fly ash particles in mixes with portland cement’ one 
must assume that all degrees of hydration as well as different modes of the 
reactivity, type of bond morphology etc. may easily be present in even small 
experimental or case-study specimens (23). This may be explained with preference 
for internal solution of the fly ash mass and migration and precipitation of 
hydrates out in ambient paste or with strong bond force creation from the par- 
ticle surface inwards. Incidentally, a significant amount of unhydrated cement 
is usually found in cement paste by microscopic examination even of old concre- 
te, (19 ), (24). 

Altogether, cement paste in concrete ought to be considered a "microconcrete", 
and to possess its strength and resistance: 


o not due to a near to 100% ultimate degree of hydration and thereby full uti- 
lization of the chemical energy inherent in the cementitious constituents, 


o but rather to the creation of a subtle "microconcrete system" consisting of 
co-existing "aggregate particles" of partially or unhydrated clinker fragments 
and fly ash particles in the C-S-H matrix incorporating the hydrates from the 
fly ash. 
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The "microconcrete" system is also in the course of time prone to: 


(1) increase denseness, and 
(2) decrease contents of the fragile, metastable calcium hydroxide, 


without sacrificing the advantages by constituting an aggregate-matrix morpholo- 
gy in the microscale. 

The "microconcrete" conception was adopted to explain the superior strength 
potential of the "MDF" (macro-defect-free) cement paste, in particular as far as 
tensile and flexural strength is concerned (25). Besides low porosity also the 
elimination of microsize flaws in the matrix was found important and this was 
attained by obtaining a dense package of cement particles at maintained low deg- 
ree of hydration. A high range water reducing agent was applied to ensure ade- 


quate dispersion, and excessive strength was obtained by addition of a suitable 


organic monomer. 
Less exotic though still significant improvements of ordinary concrete strength 


and resistance may be attainable by exploitation of the "microconcrete" concep- 
tion with mixtures of portland cement and refined fly ash, suitable dispersion 
agents and monitored curing procedures. 


An Example of Practice-Research Communication 


The Faroe Bridges constitute the largest bridge work carried out in Denmark up 
to this date. They are two bridges between Zealand and Faroe and between Faroe 
and Falster, with lengths 1596 m and 1727 m respectively. 

The substructure for the bridges, and the two large pylons (cable towers), is 
constructed in concrete and comprises more than 45,000 cub.meters of reinforced 


concrete. 
Fly ash has been used primarily in order to attain: 


o Improved workability of fresh concrete. 
o Reduction of peak curing temperature. 


In addition to that, protection against deleterious reactions with alkali-su- 
sceptible aggregates is recognized as a must for durability reasons. Application 
of fly ash in this respect is considered as an assurance of durability of the 


concrete structure. 


4 


Workability. The following precautions have been taken to secure the proper 
quality of the concrete as to strength and durability: 


1) The grading curve of sand indicates a uni-sized material. In Denmark it is 
difficult to find fine aggregates (particle size less than 4 mm) with the 
required low content of alkali-reactive particles. Only one location has _ up 
till now been discovered. Consequently, the unsuitable grading is accepted. 


2) The cement is a special low-alkali sulphate resistant and lowheat cement. 


When using the sand and cement, a bleeding effect and a tendency towards seg- 
regation of the concrete was noted, during the casting of concrete. 

40 kg fly ash per cub.m. was therefore added to the 330 kg cement/m, as a 
remedy. 

Special requirements to workability and cohesiveness were specified for the 
underwater concrete. 3 

It is general practice to specify a content of at least 400 kg/m for under- 
water concrete to secure a sufficiently cohesive concrete. For the Faroe bridges 
a maximum temperature of 70°C in solid parts of the structures was, however, 
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also specified. This made 400 kg/m? of low-heat cement the absolute upper 
limit, and that suggested also that a part of the cement content should be subs- 
tituted by fly ash. 

The concrete mix for underwater concrete was therefore specified to be composed 
of 330 kg cement and 100 kg fly ash. 


Curing Technology System. An advanced Curing Technology System was applied ffor 
planning and monitoring the concrete curing process. The application of fly ash 
fits well into the curing procedures. 

During curing of concrete the contractor should ensure that 





o no thermo-cracks occurred on the surface or in the concrete body. 


: , 3a 
Oo maximum concrete temperature during the curing phase should keep below 60°C. 
(In mass concrete 70°C). 


It has been shown that temperatures beyond 70-80°C will result in changes’ of 
the cement paste and in loss of strength, and a temperature difference above 
20°C across a concrete section is likely to produce thermo-cracks. 

As a consequence hereof the "thermo-crack requirement" was: 


. - O ; 7. 
"temperature differences of maximum 20 C between the interior and _ the 
surface of the cross section are acceptable. If it is not possible to meet 
this requirement, a calculation of the thermo-stresses is required." 





A specific problem arises from differences in temperatures between solid conc- 
rete bodies cast at different times. Thermal contraction may cause cracking if 
exceeding the ultimate tensile strength developed at early ages(26). 

If the difference between the average temperatures in_the concrete being cured 
and in the adjoining concrete structures exceeds 20°C, a separate study of the 
tensile stresses in the area on both sides of the joint is therefore necessary. 
Studies of this problem have been an integrated item of the quality assurance of 
the concrete works at Faroe. It has been important to know the rate of heat of 
hydration in the concrete so that the stress development during curing of the 
concrete could be calculated under the given circumstances. 

The rate of heat evolution by cement hydration for the concrete mix in question 
has occasionally been controlled by adiabatic calorimetry. 

The heat of hydration and the 28 days compressive strength of the concrete with 
fly ash amounted to 60-80% of what was obtained with pure portland cement. Howe- 
ver, 56 days tests showed equal or higher compressive strength with the fly ash 
substitution. 

For the monitoring of the curing process it was on some occasions necessary to 
cool the fresh concrete in addition to substituting fly ash for cement. This was 
done by adding liquid nitrogen to the concrete during mixing, (27). 


Conclusions 





1. A vast quantity of data and evaluations about the effects of fly ashes in 
concrete has been produced by research in recent years. Less fragmentation and 
more convergence towards technology innovations, like in most other industries, 
would facilitate application of the research and its planning for effective uti- 
lization of the hydraulic energy in the fly ashes. 

2. Chemical research deserves a high priority in such a context of an energy 
conscious R&D policy. Effective transfer of research into university education 
need support. 

3. There is progress in the research for characterisation of the fly ashes: che- 
mical and mineralogical compositions and particle size distributions. 

4. The engineering requirements: improvements of the workability of fresh con- 
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crete, of curing procedures and of the resistance of hardened concrete by addi- 
tion of fly ashes provide guidelines for research planning. 

5.More basic research than as yet applied is by now appearing about the _ poten- 
tial impact of fly ash upon: 


o the basic rheology of cement paste 


the energetics of the hydration of cement paste and the interactions of cement 
and fly ash hydration 

the densification of hardening cement paste by incorporation of the hydrates 
originating from the fly ashes, and therewith long term increase of strength 


and resistance. 


6. The utilization of fly ash at the Faroe Bridges in Denmark is mentioned to 
show that civil engineering, when facing problems with concrete workability and 
high curing temperatures in concrete, can use fly ash with satisfactory results 
based upon current knowledge. 
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ABSTRACT 

Twenty-six fly ash specimens from North Dakota, Wyoming and Montana 
lignite and sub-bituminous source coals have been’ studied in detail 
by x-ray diffraction. Chemically, these western fly ashes are 
characterized by higher Ca0+Mg0+S03 contents and lower Alo03+Si09 
contents than eastern bituminous fly ashes. These western Ay ashes 
have greater proportions of crystalline material. The characteristic 
phases are quartz, lime, periclase, anhydrite, ferrite spinel, 
tricalcium aluminate, merwinite and melilite. Alkali sulfates, a 
sodalite structure phase and hematite also occur in some fly ashes. 


Introduction 





Over the last several decades North Dakota has become a major exporter of 
electricity generated in large part by mine-mouth power plants located in the 
lignite coal fields near the Missouri River. Fly ash, one of the solid waste 
products from these plants, constitutes a disposal problem for the power plant 
and in many cases for the adjacent mine when this is used as the disposal 
Site. In semi-arid western states, buried fly ash has the potential to 
degrade the quality of aquifers by release of soluble salts and trace metals. 
Utilization of fly ash for such applications as a cement replacement in 
concrete and as a ceramic raw material has the double benefit of eliminating 
the costs of disposal and lowering the cost of the concrete or manufactured 
product. The University of North Dakota and North Dakota State University 
have been conducting joint research on the characterization, utilization and 
disposal of fly ash and other utility wastes for a number of years. This 
report describes one component of this research, the mineralogy of western fly 
ash as studied by x-ray powder diffraction. 


By "western" fly ash we mean ash produced from combustion of 1]ow-rank 
western coals mined in North Dakota, Wyoming and Montana. In describing the 
ash from coal combustion and conversion, the term "mineralogy" conventional ly 
refers to the phases (crystalline and noncrystalline) present in the ash. In 
a recent review of fly ash characterization, Diamond (1) has pointed out that 
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the hign-calcium (Class C) fly ash produced from western lignite and sub- 
bituminous coals is characterized chemically by higher Ca0, MgO and S03 and 
lower Alj03 and SiO, content than ash from bituminous coal (Class F fly ash). 
Mineralogically, the the higher Ca0, MgO and S03 contents of western fly ashes 
usually result in crystalline lime, periclase, calcium aluminate and calcium 
sulfate in addition to the dominant glassy phase. The mineralogy of Class C 
fly ash can play an important role in its behavior as a cement replacement 
because the lime when hydrated can activate a self-pozzolanic behavior in the 
ash itself and the two calcium phases can react with water in cementitious 
reactions such as ettringite formation (1,2). Indeed, one product marketed as 
"nozzocrete" in the upper midwest has up to 80% fly ash replacement of cement 


in concrete. 


We recently completed a_ literature review on the mineralogy of all fly 
ashes (3). The review indicated that the majority of previous work has 
focussed on Class F fly ashes where the nature of the crystalline phases is of 
little consequence to ash behavior because the dominant crystalline phases 
(quartz, mullite, magnetite and hematite) are largely inert during cement- 
water and ash-water reactions involving the glassy phase(s). In the 
relatively small number of studies on high calcium fly ashes, general 
agreement exists on the common mineralogy, as listed above. X-ray diffraction 
(XRD) has played a pivotal role in the characterization of these more 
crystalline ashes. Because of the greater importance of the mineralogy in 
western fly ash utilization (and disposal), an XRD survey of the mineralogy 
in a moderately large number of specimens was undertaken. We report here the 
results of this survey of twenty-seven fly ash specimens (from twenty-two 
power plants) for which chemical data were available. Several dozen 
additional ashes (including some from the same twenty-two plants but sampled 
on different dates) were studied but, because chemical data on these specimens 
were not available, the results are not included here. However, in all cases, 
the crystalline phases identified in these additional ashes corresponded to 
the phases reported here, which encourages us to believe that the mineralogy 
observed in our survey is representative of all western fly ashes. 


Experimental 





The fly ash specimens were obtained from the Coal By-products Utilization 
Instutute (CBUI) at the University of North Dakota. The chemical data on 
these ashes were also made available by the CBUI. The analyses were made by 
atomic absorption spectrometry. The specific components reported are those 
necessary for ASTM fly ash specifications. 


Fly ash specimens were ground in an agate mortar and mounted on glass 
microscope slides. Diffraction data were obtained with a Philips 
diffractometer equipped with a copper tube, theta-compensating slit, 
diffracted beam monochromator, proportional detector, solid state electronics 
and strip chart recorder. The usual scan conditions were 40KV/20ma, 250 cts 
full scale, and 2°/min scan speed. Phases were identified by reference to the 
JCPDS Mineral and Inorganic Powder Diffraction Files. 


Several treatments of the fly ash specimens were performed as an aid in 
phase identification or to add support to a tentative identification. In one 
experiment, ash was mixed with distilled water in order to extract the readily 
soluole salts. The water to solid ratio was 100:1 and the mixture was stirred 
for two hours at room temperature. The residual fly ash, the solution and the 
solid residue from evaporation of the solution were characterized by XRD. In 
a second experiment, selective dissolution treatments developed by L. D. 
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Hulett et al. (4) were applied to a number of ash specimens to see whether 
any previously undetected minor components would remain in the solid residue. 
Ash samples were etched in a one percent HF solution for 16 hours followed by 
washings with HNO3, HC1, EUTA and NHgOH solutions. In both solution 
experiments, a magnetic ferrite spinel phase stuck to the stir bar so a 
fraction enriched in this phase could easily be obtained. In other 
experiments aimed at confirming the identification of tricalcium aluminate 
(C3A), mixtures of ash with water and with water plus gypsum having a w/s 
ratio of 0.28 were allowed to set. They were then examined by XRD for 
residual C3A and/or the formation of ettringite. 


Results and Discussion 


The available chemical analysis data for the twenty-seven fly ashes and 
the results of XRD characterization are collected in Table I. Also included 
in Taple I is the coal type from which the ash is derived for cases where this 
information was available. The analyses usually sum to less than 100% because 
of components not analyzed (e.g. Ti09, Po05, alkali oxides, C09), unburned 
coal and H90. The analyses are ordered by silica content of the fly ash. 
Lignitic ashes generally fall toward the top of the table. The two lignitic 
ashes located near the center of the list in silica content (14 and 1/7) are 
from central North Dakota coals. Their low alumina contents are typical of 
the lignites, so the excess Si0> may be due to more than normal amounts of 
quartz in the coal. One bituminous coal fly ash was included in the study and 
fell near the bottom of the table. Actual analyses for alkali oxides (Aj0 = 
Naz0+Ko0) were available for only half of the ashes. The chemical trends 
summarized by Diamond (1,2) are evident from the table. 


Fly ash 4 did not originate in a power plant but was synthesized at UND's 
Energy Research Center in a test combustor from Beulah-Zap North Dakota 
lignite. Fly ash 2 originated from the same coal in an actual power plant. 


We will discuss tne individual crystalline phases observed in the ash 
samples and provide comments on some apparent relationships between chemical 
composition of the ashes and crystalline pnase formation. 


Quartz (Qz) 


Alpha quartz was observed in all fly ashes. It almost certainly results 
from quartz in the original coal that survives combustion. Where more than 
one ash from the same coal and plant was available, quartz reflections were 
found to have substantial variations in intensity in the diffractograms. This 
is probaDly a result of varying quartz content in the source coal. 


Lime (Lm) 

Crystalline CaO was observed in the diffractograms of all but two of the 
ashes listed in TadDle I. Tests with lime-synthetic ash mixtures indicated 
that as little as 0.5 wt% could be detected with the instrumental conditions 
used. Based on quantitative analyses of several of the ashes (by the standard 
additions method), it is estimated that the range of lime compositions varies 
from 0.5 to 8-10 wt% Thus, no more than about one-third of the CaO listed in 
the bulk chemical analysis of any particular ash is true "free |ime." 


The crystalline lime concentration can be important for several reasons. 
It can react with water to yield self-pozzolonic reactions in the ash. 
However, if it is in a highly sintered ("dead burned") state with large grain 
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sizes, lime can cause a fly ash to fail the ASTM autocalve expansion test. In 
one example that came to our attention recently, a commercially valuable fly 
ash that had been used for years as a cement replacement suddenly began to 
fail autoclave expansion tests and the use of this ash for various purposes in 
Minnesota was curtailed. Chemical analysis indicated that the ash composition 
had changed because a different seam was being mined at the coal source. The 
Change was only about 2% greater CaO and 2% less Si02. Also, the power plant 
had changed its coal grinding parameters somewhat after an overhaul of the 
grinding equipment. Mineralogical analysis indicated a significant increase 
in crystalline lime in the more recent specimens, especially in the fraction 
of ash retained on a 325 mesh sieve. In tests at the CBUI, the -325 fraction 
of the ash passed the autoclave expansion test while the +325 fraction that 
was greatly enriched in lime failed the test dramatically. The excess lime in 
the coarser grains was apparantly not reactive during the initial setting of 
the cement. It is only during the treatment with supercritical steam that the 
lime hydrates to portlandite with the accompanying volume expansion that 
Causes the autoclave test failure. The role of lime in the autoclave 
expansion test has been previously described by Schlorholtz (5). 


Periclase (Pc) 


Periclase was detected in all but three of the fly ashes highest in 
Si0,+A1503. In some diffractograms (those from ashes having more than about 
5.9% MgO) periclase reflections were among the most intense. Based on 
quantitative analysis of several of the ashes, we estimate a range of 
periclase contents from 0.4 to 4 wt% in the ashes in Table I where periclase 
is reported, and that about half of the MgO content of a typical ash is 
present as periclase. During the various water extraction tests, it was noted 
that the intensity of the periclase reflections did not decrease in the 
residues. We have observed no brucite (Mg(0H)>) in fresh or water-treated 
ashes. Thus, we can add support to previous observations that the periclase 
in western fly ash is generally unreactive to basic solutions at normal 
temperatures and pressures (1,5). 


Anhydrite (Ah) 





With the high CaO and S03 contents of western fly ashes it is not 
surprising to observe CaSOq in the fly ash. The ash with its free lime is 
acting as a built-in "scrubber" for S03. The availablility of CaSOq and . 


in these ashes promotes the self-pozzolanic reactions such as ettringi 
formation that cause the stored ash to set-up upon contact witn water. W 
have observed substantial ettringite in diffractograms of ash stored outdoors 
as well as in ash hydrated in the laboratory. 


e 
e 


Ferrite Spinel (Sp) 





Most ashes contained a spinel structure oxide with an x-ray pattern very 
similar to that of magnetite. This phase is easily enriched in a magnetically 
separated fraction. The unit cell parameter averages 8.3/ R compared to 8.39 
R for pure magnetite. Electron microprobe analyses of ferrite spinels formed 
in ash gasified from the same lignite coal formation as ashes 2 and 4 in Table 
I indicated that spinels had substantial Mg and Al substitution (7). Aluminum 
suostitution in fly ash spinels has been noted previously (8). Lauf (9) found 
that certain trace elements that were partitioned into pyrite in the coal 
remain partitioned in the ferrite spinel phase in fly ash. Scheetz et al. 
(10) reported a Mn-rich spinel structure phase in one fly ash they studied. 
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C3A (CA) and Merwinite (Mw) 

Several authors have reported the presence of C3A in western fly ashes 
(1,2,9,11,12), and the rapid formation of ettringite in hydrated ash is 
certainly consistent with the presence of reactive C3A. A weak to 
occasionally moderate intensity reflection at about 32.29 two-theta was noted 
in the diffractograms of almost all of the ashes studied. This is the 
position of the strongest reflection of C3A. However, confirming reflections 
of moderate intensity for C3A are usually missing (too weak to be observed?) 
or are overlapped by stronger reflections attributable to other phases. An 
exhustive search of the Powder Diffraction File for any other pnases with one 
of three strongest lines at 32.2° yielded only merwinite, Ca3zMg(Si0g)o, as a 
possibility. The strongest reflection of merwinite occurs at this angle and 
several additional reflections of merwinite overlap those of C3A. In several 
ashes, confirming reflections of merwinite were definitly present. Similarly, 
C3A was certainly present in several other ashes. In most other ashes, both 
appear to be present. 





Merwinite is commonly observed in metallurgical slags and is especially 
prominant as an early metastable devitrification phase. High calcium fly ash 
can have compositions approaching that of some slags and merwinite would seem 
to be a reasonable phase to observe in such ashes. We have also observed 
merwinite in lignite coal gasification ash (/). 


Experiments designed to monitor the C3A component of fly ash reacted with 
water and with gypsum plus water showed that only part of the intensity of the 
characteristic C3A reflections disappeared while the unreactive merwinite 
remained after several hours through weeks of setting. 


Because of these overlapping reflections and because we believe that 
virtually all western fly ashes contain at least small amounts of both phases, 
we have designated these phases as CA/Mw in Table I. Grain sizes are too 
small for the available SEM/electron microbrobe to provide analyses of 
individual grains that would confirm these phase identifications. Analytical 
transmission electron microscopy will be necessary to determine the 
compositions and structure types of these two phases. 


Alkali Sulfates (AS) 





Some of the lignite fly ashes contained in excess of 15 wt* Aj0+S03 and 
in these, alkali sulfates were observed in the diffractograms. The most 
common phase was thenardite, NapgSOqg-V, but Na SOqg-III and aphthitilite 
((Na,K),SO0q) were also observed. Concrete having partial replacement of 
cement with these fly asnes may show salt efflorescence unless it is covered 
with plastic during setting. 


Un some of the more AS-ricn ashes, a water extraction experiment was 
performed to selectively remove the AS reflections from the diffractograms. 
Analysis of the solutions showed high concentrations of Na, Ca and SOqg plus 
some K. When the solutions were frozen, thenardite, gypsum and a small amount 
of ettringite were formed. When the solutions were evaporated to dryness at 
110°, the residual salts were NazSOq-III, bdassanite (CaSQg.1/2H 20), thenardite 
and minor aphthitilite. 


Melilite (M1) 





Weak reflections of a melilite structure phase were observed in about 
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half of the fly ash specimens. Melilite is a mineral structural group term 
for the minerals akermanite (CagMgSio07), gehlenite (Ca,A1ly¥Si07) and Na- 
melilite (NaCaAlSi207). Iron commonly substitutes in part for both Mg or Al. 
A melilite structure solid solution having a composition intermediate to the 
three end members is the dominant phase in the lignite gasification ash 
described elsewhere in this symposium (o,/). Melilite is also a prominant 


phase obtained by devitrification of the lignite fly ashes at temperatures 
above 700°C. The small amount observed in western fly ash may be a result of 


insipient devitrification as the glassy phase was cooling. 


Mullite (Mu) 





Mullite, AlgSiz0)3, is a common phase inClass F fly ash (1,2). It was 
observed in avout half of the fly ashes studied. With one exception, mullite 
was not observed in ashes whose Alj03+Si09 contents were less than 60% and 
whose Al»03 was less than about 1/% Note the composition of ash 1/ where the 
values are 61.1% and 15.5 respectively. This ash, from a North Dakota 
lignite, nad no mul lite. 


Mullite can be hard to identify, if it is present in only small amounts, 
because its strongest reflections are close to the strongest ref lection of 
quartz. The HF selective dissolution was applied to seven ash specimens and 
with the glass phase removed, the quartz and mullite reflections were 
UL sufficiently intense and resolved to enhance mullite detection. 





Sodalite (So) 












The mineral sodalite is a chloride-containing sodium aluminosilicate that 
gives its name to a group of isostructural phases. The two phases relevant 
nere are nosean, NagA 16519024504; and hauyne, CaoNagA l6Sig0 q(S0q4)2- The 
relationship of the cement clinker phase, C4A35; to these sodalite structure 
phases can be seen if the stoichiometry is written as CapCagA1gA1602q4(S0q)2- 
A minor phase with the strongest reflections of a sodalite was observed in the 
aiffractograms of seven fly ashes. This phase is probably close to CqgA3S in 
composition, but we prefer to designate it by its general group name until 
enough individual grains can be analyzed by microprobe to establish its 
composition. In devitrification studies on all of these fly ashes now 
underway, a sodalite structure pnase is commonly observed as a major 
devitrification product (along with hematite and melilite, pyroxene and 
plagioclase solid solution phases). Tne mechanism of sodalite phase formation 
here appears to be the reaction of Na and Ca sulfates with the aluminosilicate 
glass. In this case, the composition is probably closer to nosean-hauyne. 

















Hematite (Hm) 













Hematite was evident in only a few of the more silica-rich diffractograms 
of bulk ash. However, after magnetic separation of a ferrite spinel rich 
fraction, the diffractogram usually showed some hematite, present perhaps as 
an oxidized coating. Hematite was also brought to detectable amounts in the 
residues of five of the seven ashes subjected to the selective dissolution 
experiment. Thus, we estimate that more than half of the ashes have at least 
small amounts of hematite. 










Other Phases 














Several other minor phases have been detected or are strongly suspected 
as peing present in some of the fly ashes. Dicalcium silicate (CaS) is one of 
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these. The strongest reflections of the various CoS phases are folded into 
the region of the diffractogram where lime, melilite, alkali sulfates, 
anhydrite and merwinite also have strong reflections. It is possible that 
perhaps 1 wt% of one or more C»S phases are present in ten or so specimens, 
put we were not able to make an umambiguous identification. Traces of calcite 
were occasional ly observed and acid effervescence corroborated its presence. 


We made many efforts to identify additional phases reported by other 
investigators who have studied similar fly ashes. We did not detect kalsilite 
(KAISi0g), arcanite (K9S0q) or kappa-alumina as reported py Diamond and Lopez- 
Flores (1) or brownmillerite and C3S as reported by Scheetz et al. (1U). With 
these exceptions, our results correspond in all major respects with the most 
comprehensive reports of XRD studies on Class C fly ashes in the literature 
(references 1,2,5,11 and 12) and taken together these appear to be sufficient 
to say that the mineralogy of western fly ash is now well understood. 
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ABSTRACT 
A lignite coal ash produced in a low-Btu atmospheric pressure gasifier 
has been studied by x-ray diffraction. The ash was dominantly 
crystalline and consisted of Ca0-Mg0-Na,0-silicates (melilite, 
merwinite, CazSi0g-bredigite, nepheline/carnegieite), oxides (ferrite 


spinel, quartz, periclase, hematite), phases formed by reaction with 
water or precipitation from solutions used in ash handling (calcite, 
portlandite, brucite, thenardite, ettringite, gypsum, goethite) and 
several additional trace phases (plagioclase, pyroxene, cristobalite, 
serpentine and talc). 


Introduction 





The long term viability of the gas industry will depend increasingly on 
the production of synthetic natural gas from the gasification of coal. Coal 
gasification produces large amounts of ash which must be disposed of properly. 
It is estimated that the first commercial coal gasification plant in the US, 
the Great Plains Plant in Beulah ND, will produce 2.4 million Kg (2600 tons) 
of ash per day. The overall expense of environmentally safe disposal would be 
eliminated if direct utilization of the ash in the fabrication of construction 
and road building materials were technically and economical ly attractive. 
Alternatively, the expense could be lowered if metals such as iron, aluminum 
or trace elements could be extracted from the ash prior to disposal. 
Characterization of the chemistry and "mineralogy" (phases present in the ash) 
is fundamental science underlying the various utilization and extraction 


options. 


An ash from gasification of Beulah-Zap lignite coal (the same coal to be 
used at the Great Plains Plant) was obtained from American Natural Resources 
of Detroit, Ml. The ash was produced in 1980 in the low-Btu dry-ash Wel ]man- 
Galusha (W-G) gasifier located at the Twin Cities Metallurgy Center of the US 
Bureau of Mines in Minneapolis, MN. A description of this gasifier and of its 
operation with lignite coal has been given by Kilpatrick et al.(1) The W-G 
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gasifier differs from the commercial-scale Lurgi gasifiers to be used at Great 
Plains in that it operates at atmospheric pressure and with a steam-air 
rather than with a steam-oxygen atmosphere. The estimated gasification 
temperatures (900-1050°C) and residence time (15-30 min) are similar to those 
in a Lurgi gasifier, and it is these two factors, along with the redox 
conditions, that exert dominant control over the mineralogy of the ash from a 


given coal. 


The objective of the present report is to describe the mineralogy of this 
ash with x-ray powder diffraction and scanning electron microscopy-electron 
microprobe analysis. Part I describes the x-ray phase identification and Part 
II the electron microscopy. While this ash was not produced under all of the 
same conditions to be found in a state-of-the-art Lurgi type gasifier, it did 
provide initial experience with low-rank coal ash mineralogy, morphology and 
chemistry that will form the basis of future studies of coal gasification ash. 


Experimental 





More than 200 Kg of ash was available. Agglomerates of up to 4 cm in 
diameter were present in the as-received ash. After splitting, several Kg 
were ground to -1U0 mesh in a ball mill. A representative portion of this 
bulk ground ash was used for elemental analysis by atomic absorption 
spectrometry (AAS) and energy dispersive x-ray spectrometry. Tne bulk ground 
asn and individual grains painstakingly picked according to color, habit, 
luster etc. under a binocular microscope were studied. The latter procedure 
proved to be essential for phase identification as only eight of the 
crystalline phases could have been identified with reasonable certainty in the 


bulk ground ash. 


Bulk ground ash or hand-picked grains were ground further in an agate 
mortar and mounted on glass microscope slides. Diffraction data were obtained 
with a Philips diffractometer equipped with a copper tube, theta-compensating 
slit, aiffracted beam monochromator, proportional detector, solid state 
electronics and strip chart recorder. Phases were identified with the JCPDS 
Mineral and Inorganic Powder Diffraction Files. Crystal data were obtained 
for some of the solid solution phases as further verification that the phase 
had been properly identified. Using grains that were enriched in a particular 
phase, a data set was collected from 1/29/min diffractograms and computer 
refined using a least squares procedure. 


Results and Discussion 





A chemical analysis for 20 constituents of bulk ground ash is given in 
Table I. The relatively low Si05+A1903 and high Ca0+Mg0+S03 are 
Characteristic of ash from western lignite coals (2). Tne concentrations of 
iron oxides (shown only as Fe903 in this table), NagO and S03 are also 
notable. The 3.2% moisture content (determined by drying at 107%) suggested 
that, in addition to adsorbed water, phases containing molecular water were 
present. Loss of CO9 from carbonates, Hj0 from hydroxides and carbon from 
oxidation of residual coal gave a 4.5% loss on -ignition (LOI) at 750-800°C. 


Crystalline phases identified in the Wellman-Galusha ash are listed in 
Table II. The compositions listed incorporate insights from the electron 
microprobe analyses described in Part II. 


Analysis of the bulk x-ray diffractogram revealed that tne ash was 
dominantly crystalline because there was no prominant diffuse scattering 
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Table | 


Chemical Analysis of Lignite Gasification Ash 








Oxide Wt Wt % Element mg/kg Element mg/kg 


Si0 24. ao 1 Sr 2970 Cl 90 
Aly 1U.5 . Mn 120U Zn 7/ 
Fes03 15. ° Sr 175 Cu 71 
cab 20. 20¢ o5 Ni 147 As 61 
MgO b.é : LS 1i7 Y 35 





Loss on ignition , Moisture = 4.5% 








maximum under the large number of relatively sharp reflections. Only a few 
phases could be identified with certainty in the bulk diffractogram. Good 
matches were easily obtained with melilite group minerals (akermanite, 
gehlenite and Na-melilite) and magnetite (Fe304) patterns in the JCPDS Powder 
Diffraction File. After consideration of the high Ca-Mg content of the ash 
and the presence of melilite, the possibility of merwinite, Ca3Mg(Si0q)9, was 
postulated and confirmed. The association (melilite+merwinite) suggested an 
analogy to metallurgical slags. Except for a higher CaO and lower Fes03 
content in the slags, the ash composition was similar in many respects to 
blast furnace slags. Another phase to be expected from the analogy to slags 
was Ca9Si0qg. Several reflections in the ash diffractogram were consistent 
with one or more of the six polymorphs of CagSi0q, but due to overlaps no 
positive identification could be made. Acid effervescence of the ash 
suggested the presence of calcite and this was confirmed by noting the 
strongest reflection of calcite in the diffractogram. Finally, previous work 
witn lignite combustion ashes led us to consider quartz, hematite and 
periclase as likely phases and, as with calcite, there was at least one unique 
reflection in the diffractogram that was consistent with the presence of each 


of these phases. 


These eight phases accounted for most of the intensity in the bulk 
diffractogram, but considerably more effort was required to account for the 
remaining reflections. Several methods were used to obtain portions of the 
ash that were enriched in one or more phases. Magnetic separations yielded a 
ferrite spinel-rich portion. Sieving the ash led to fractions richer in 
several phases. For example, the -325 mesh fraction was enriched in calcite 
and ettringite. But, it was in selecting grains (with the aid of a binocular 
microscope) containing only a few phases that each of the phases listed in 
Table II was definitely identified. In cases where there were enough 
unambiguously indexed reflections, unit cell parameters were obtained using 
the observed reflections in a least squares computer refinement. In this 
manner, the CapSi0g phase was identified as the orthorhombic a,' polymorph by 
analogy to the unit cell, chemical substitutions (determined with the electron 
microprobe) and x-ray powder pattern of the mineral bredigite. Another phase 
close in composition to CaSi0g is discussed in Part II of this paper. 


The phases in Table II are divided into "primary" and "secondary" 
according to our estimates of whether the phase formed during gasification or 


later after contact with water and COs. With regard to the proposed primary 
phases, it is likely that quartz and the small amounts of plagioclase and 
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Table II 


Crystalline Phases Identified in Lignite Gasification Ash 





RY vt 





Vol. 14, No. 4 
MINERALOGY, GASIFIER ASH, LIGNITE, X-RAY DIFFRACTION 


pyroxene phases were present in the original lignite and survived the 
gasification treatment. Melilite, merwinite, and bredigite indicate 
considerable reaction among the inorganic constitutents of the lignite during 
gasification. The two polymorphs of NaAlSi0g, nepheline and carnegieite could 
have formed by the reaction of Na-vapor species and clays from the coal. 
Ferrite spinel and hematite probably formed from the oxidation of pyrite and 
reaction of the resulting iron oxides with other spinel-forming oxides. The 
minor cristobalite could have formed from crystallization of noncrystalline 
Silica in the lignite. It is possible that calcite should be included witn 
the primary phases also. Lime (CaQ) and CO» could have reacted to form 
calcite directly during gasification. 


The secondary phases apparently result from reactions of the ash with the 
water used to sluice the ash into storage. Portlandite, brucite, goethite and 
gypsum would form by hydration of their anhydrous oxides and anhydrite 
(CaS0q), respectively. Thenardite, calcite and gypsum could have crystallized 
from the solutions evaporating in the ash storage bins. One explanation for 
ettringite formation would be reaction of calcium aluminates and sulfate in 
the presence of water similar to the reactions that form ettringite in 
hydraulic cements. 


The appearance of small amounts of serpentine and talc has no ready 
explanation because their common occurrence is in rocks where water vapor 
pressures of formation are considerably higher than would be expected in an 
atmospheric pressure gasifier. The diffractograms of Doth of these phases 
indicated low crystallinity. 


During the hand-picking operations, fractions that proved to be x-ray 
amorphous were occasionally noted. These noncrystalline phases will be 
discussed in Part II of this report. Also, individual grains with chemical 
analyses attributaDle to such phases as apatite, pyrrhotite and barite that 
were not isolated in any of the x-ray diffraction studies, along with 
intergranular glass, were noted during the electron microprobe examination. 
[It was not possible to estimate the glass content of the ash in the X-ray 
diffraction studies. 


In summary, the W-G lignite gasification ash is dominantly crystalline 
and contains a large number of individual phases. Approximately ten of these 
were present in sufficient concentration (more than 1-2 wt%) to be verifiable 
in a diffractogram of the bulk ground ash. The ash contained phases 
indicative of contact or reaction with water during handling suosequent to 
gasification. 
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ABSTRACT 
A lignite coal ash produced in a low-BTU fixed-bed atmospheric pressure 
gasifier has been studied by scanning electron microscopy using both 
imaging and chemical analytical techniques. The primary phases of the 
dominantly crystalline ash are Ca-Mg-Na-Al-silicates (melilite, 
merwinite, two C,S phases including bredigite, and nepheline/carnegie- 
ite) and oxides (ferrite spinel, quartz, periclase, and hematite). 
Additional secondary phases (calcite, portlandite, brucite, thenardite, 
ettrigite, gypsum, and goethite) apparently formed by reaction with 
water or precipitation from solutions used in ash handling. The 
individual grains of ash proved to be variable in bulk composition and 
mineralogic content. 


Introduction 





A variety of utilization and extraction options for gasifier ash cannot be 
examined thoroughly without a knowledge of the bulk chemistry, mineralogy, and 
phase chemistry. This information on the mineralogy of the ash is collected 
using x-ray diffraction (Part I) and scanning electron microscopy (SEM) (Part 
II). Results from x-ray diffraction (the presence of particular phases) can be 
extended to determine actual phase compositions and phase assemblages as well] 
as observation of glass and trace phases using SEM. This type of multiple 
instrument approach has been successfully applied to fly ash by Lauf (1). 


Experimental 





A split of the -100 mesh as received material was embedded in epoxy and 
polished blocks of the epoxy and ash mixture were studied in the scanning 
electron microscope (SEM). Epoxy embedded samples were also prepared from 
grains ground with an agate mortar. These hand-picked grains were first 
observed with x-ray diffraction and selected on the basis of their mineralogy 
for further study with the SEM. 


The SEM is used to collect data that falls into two classifications. The 
first classification of data is related to the morphology of the grains and 
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their constituent phases. Photographs were taken of secondary electron images 
(SEI), backscatter electron images, and characteristic element x-ray map 
images. The second type of data classification is related to chemical 
analysis. Analyses were completed on over 850 points and areas of grains to 
determine the overall chemical makeup of the sample, the range of composition 
of the solid-solution phases, and to identify and correlate phases identified 
by x-ray diffraction (Part I). 


Results and Discussion 





Ettringite, glass and the dominant silicate phases, nepheline/carnieite, 
melilite, merwinite and two C.S phases are shown in Table I. These analyses 
are based on a number of points on differing grains. The number of analyses 
are shown in parentheses under the abbreviation of the phase (ettringite, Et; 
nepheline, Ne; melilite, Ml; merwinite, Mw; bredigite, C,S(1)5 another C,S 
phase, C,S(2); and glass, G). The minor elemental oxide amounts shown are 


generally above one standard deviation for the analyses that comprise the 
average. Cation proportions are also shown in Table I. 


Melilite (Table 1) and ferrite spinel are examples of minerals that are 
part of a solid solution series, whereas the compositions of nepheline and 
ettringite are nearly the same in all grains. This is shown by the relatively 
small standard deviations associated with the oxide weight percentages. 


ferrite spinel. Figures 1 and 2 are plots of CaO versus Na,O and A1,0, versus 
MgO. The negative slope of the grouping of analysis points indicates the 


Figures 1, 2, and 3 illustrate the solid sclution nature of melilite and 


substitution of Na for Ca and the partial substitution of Al for Mg. Al also 
substitutes for Si in the melilite structure, but in this study the dominant 
substitution is for Mg. The elemental substitution in the ferrite spinels 
(Figure 3) is Al and Mg for Fe. The two end members that dominate the 
chemistry of the ferrite spinels in the Wellman-Galusha ash are magnetite 
(Fe,0,) and spinel (MgAl]1,0,). There is a minor component of magnesioferrite 
(Mg e,0,) also present in the ferrite spinel. 


5 














ca 2S 
Fig. 1 Fig. 2 
CaO-Na,O oxide plot of melilite A1l,0,-MgO oxide plot of melilite 
showing Ca-Na substitution in showing Al-Mg substitution in 


Wellman-Galusha ash. Wellman-Galusha ash. 


Figures 4, 5, and 6 illustrate the morphology of ettringite and the 
dominant primary phases. Figure 4 shows ettringite filling a cavity in the ash 
surrounded by bredigite and glass. Figure 5 shows the well-defined crystal 
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Table I 
Compositions of selected phases of Wellman-Galusha ash. 


Et Ne M1 Mw Cth = C802) 
(5)* (12) (48) (47) (12) (13) 





64 38.16 3oaf0 SECC 30% 
+34) (3.89) (.78) (.86) Ch. 


58 12.09 0.68 Oo. 
. 60) (4.09) (.57) & 


.09 . 88 AA S. 
.07) (1.03) 


eX. Te9D 
98) (.43) 


3797 50.34 
(1.73) (1.43) 


2.43 5 
(559) 6) 


17) 


8 

1.876 
0.044 
0.136 
0.661 
3.003 
Oe2Z21 
0.010 
0.086 


3.045 OF0TZ 


eo o¢@c oo 6 > 


TOTAL LU.933 3-050 D025 6.049 


* Number of point analyses 
** Standard deviation shown in parentheses 
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outline of merwinite and spinel with nepheline-like glass filling the space 
between the crystals. Figure 6 is of the form melilite usually takes. Also 
present are spinel and nepheline-like glass. 


The average of 98 grain area analyses is shown in Table I1. Shown with 
the average based on the SEM results is the analysis of the bulk ash done by 
other spectroscopies (Table I, Part I). Close agreement is shown for most of 
the oxides. The difference in Na,O and SO, is likely due to the water soluble 
minerals present in the bulk ash but washed out in the SEM mounts because of 
the polishing step. The Al,0, difference is of unknown origin, although it may 
be related to the residual polishing compound. The large range of compositions 
for individual grain areas illustrates the heterogeniety of the Wellman-Galusha 





Fico. 3 Fig. 4 

Al,0,-FeO-MgO oxide weight percent SEI of ettringite (Et) in cavity 

plot cf ferrite spinel in Wellman- surrounded by bredigite and glass 

Galusha ash. Also shown are the in Wellman-Galusha ash. Bar is 

compositions for spinel (@), magnes- 10.0 micrometers long. 

ioferrite (%) and magnetite (@). =e SEM Grain Analysis** 

Analysis* Average Minimum Maximum 

$i0, 27.4 27.66 0552 68.28 


A1,0., .6 4./ Be es 
FeO ea. ‘ 43 
.28 
.46 


Table II 
Comparison of SEM and other 9 : .0 
spectroscopic analyses 
of Wellman-Galusha ash. 


P.O 
MnO - 


SO Dist B.72 : 
*~By AAS and EDXRF and normalized. 
** Analysis of 98 individual grains. 
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ash. This heterogeniety was used to advantage in Part I in the hand-picking 
and subsequent x-ray diffraction work in identifying the minor minerals. 


In summary, the major primary minerals are either members of a solid 
solution svstem or a defined composition. The structural formulae based on the 
average compositions of the major silicates and ettrigite are shown in Table 
III in comparison with their ideal formulae. Additionally, the compositions of 


Fig. 5 


SEI of merwinite (Mw), ferrite 
spinel (Sp), and nepheline- 
like glass (Ne) in Wellman- 
Galusha ash. Bar is 10.0 
micrometers long. 


Fig. 6 
SEI of melilite (Ml), ferrite 
spinel (Sp), and nepheline- 
like glass (Ne) in Wellman- 
Galusha ash. Bar is 10.0 
micrometers long. 


the grains in the ash are heterogeneous although generally the same major 
minerals are present in the grains. 
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Table III 
Structural formulae of selected phases of Wellman-Galusha ash 
Melilite (M1) 
Akermanite: Mg 


Gehlenite: Mg A1Si 


7 


)0, 


/ Pa \ . 
13) Alo 41 Feo, 15M80. 3740.10? Ato. 24541. 76 


Merwinite (Mw) 





Si, Og 


)O 


(SE) ggAly o4710.01?0.09°0.017%8 


Nepheline (Ne)/Carnegieite (Cg) 





Na Al i 4 


; " ‘4 
(Nag 93K 17°8g, g2MBq. 92) 19 93F&o. 04) Si9 99420,012% 


C,S(1) - Bredigite (Bd) 





Ca. Si 0, 


~) (Si )O 


73840, 15F 9. 0480.17) S40, 90440.03740.02?0.0350.04? °4 


CoS) 
Ideal: Ca, Si 0, 


< 


] )O 


ee “ 
9040 ,.05F 0.0180 .02) “S40.88440.04740.01?0. 0450.03? 4 


Ettringite (Et) 





Cas ooN4g. 360. 26@80.07) A1l2.06 83, 04540.13 


) Al ) O15 (OH), » 0723, H,0 
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ABSTRACT 
Ordinary Portland cements and flyash blend cements containing 30% of 
flyash were cast at room temperature with a w/s ratio of 0.45-0.47. 
The Ca(OH), content and compressive strength were measured at several 


ages. In the flyash-cement systems the Ca(OH), content reached a 
maximum value after 7-14 days thereafter decreasing as a result of 
pozzolanic reaction. This decrease in Ca(OH), content followed 
dissolution of the flyash surfaces and the augmentation of strength by 
the flyash. 


Introduction 





In a recent review (1), Mehta concluded that low calcium flyash does not 
show a large enough pozzolanic activity in OPC to affect strength until about 
two weeks after hydration. In previous papers (2,3) we have related changes 
in the early hydration of OPC caused by low calcium flyash, as measured by 
conduction calorimetry and XRD, to features observed in the microstructure. 

In this paper we compare the development of microstructure and of strength for 
different OP cements with similar low calcium flyashes. 


Experimental Materials 





Details of the two OP cements and the flyashes are given in Table 1: 


TABLE 1. CHEMICAL COMPOSITIONS (%) AND SPECIFIC SURFACE AREAS 





Species 810, A1,0, ¥e,0, Cad MgO Na,O K,O SO, 





Cements 
D44 2053 
H 


Flyashes 
FF 
WB 
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e composition of the cements, given in Table 2, reveals the lower 

1e higher C,A content of H, although Table 1 shows that H has a 
n»ecific surface area. Measurement of the particle size distribution 
wo cements confirmed this difference in surface area. 


Ss 
£ 


h 
c 


MENT PHASES (%) BY QXRD 








rticle size distributions 
flyashes FF and WB 


calcium flyashes came from Fiddlers Ferry (FF) and from West 
The particle size distributions, 
are shown in Fig.1, 
On the Diamond 


The low 
Burton (WB) power stations in the UK. 
measured with a Malvern Instruments particle sizer, 
confirming their similarity in specific surface area. 
(4), the lime content, loss on ignition, soluble alkali and SO, 
are 


ication 
are low while the silica glass contents at 80% (FF) and 81.2% (WB) 
8% mullite, 7.4% magnetite and 3.8% 


i The crystalline contents are 8 
quartz for FF with 8.4%, 5.7% and 4.4% for WB. 


Experimental Methods 





The pastes for all experiments were mixed at w/s = 0.45-0.47. The flyash 


cements contained 30% by weight of p.f.a. The mixes were cast in cylindrical 
moulds or in flat prisms, sealed and cured at room temperature. The hydration 


of the D44 and FF mixes was stopped by freeze-drying while solvent replacement 


was used for the H and WB mixes. 


The heat of hydration was measured using a conduction calorimeter at 
20°C, with a paste made by shearing the mixture by hand for 2 mins. The 
microstructure was examined with a scanning electron microscope (SEM), and the 
calcium hydroxide content was measured by thermogravimetric analysis (TGA). 
The samples for the SEM were produced by fracturing a dried sample followed by 
coating with gold and for the TGA by grinding in an agate mill for 10 mins. 
The analyses were performed between 20°C and 800°C in a nitrogen atmosphere; 
the amount of Ca(OH), was calculated from the water loss from the CH phase. 
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Strength was measured in compression on small cubes either 50.8 mm 
size. Quantitative X-ray diffractometry, using the standards and 

developed at C & CA, was used to characterise the materials and to 
hydration reactions. 


Experimental Results 





Calorimetry 





—— CEMENT(D/4) 


---- FLY ASH CEMENT 
(D/LL +FF ) 





FIG.2. Rate of heat output for D44, D44/FF, H and H/WB pastes at 20°C. 


The rate of heat output for the cements and the flyash blend cements 
shown in Fig.2. 20 gm samples were used in all cases so that the figures 
the neat cement should be decreased by 30% for comparison with the blends. 
For D44, the flyash increases the rate of heat output per gm of cement by 
about 10% for peak 2 and 20% for peak 3. Peak 2 is slightly retarded and 
peak 3 slightly advanced in time. Peak 4 is both increased and advanced from 
35 hours to 15 hours into an extension of peak 3. Cement H appears to show 
air-set, with some 2.5% CH and 2.5% calcite before hydration. The rate of 
heat output due to alite in peak 2 is low compared to that of C,A in peak 3. 
The addition of flyash advances and increases peak 3 considerably. Peak 4, 
associated with C,AF, is barely detectable, perhaps due to the competition 
from the large amount of C,A in this cement. 


Thermogravimetry and microstructure 





The formation and absorption of CH per gm of cement are shown in Fig.3. 
D44 is clearly much more reactive than cement H at all ages, but especially in 
the first few days. The addition of flyash leads to a maximum in the CH 
content after 7 days for D44 and after 14 days for H. In both cases there is 
a reduced amount of CH at very early ages, but this is quickly followed by an 
enhanced rate of formation of CH. This enhancement is accompanied by the 
precipitation and growth of C-S-H and CH on the surface of the flyash 
particles. Fig.4 shows this for D44/FF blends after 1 day. 





Vol. 24, No. 4 
Halse, et al. 


Ca(OH)> 
| 9/9 apc (800) 
°D/LL 

oH 
+D/L4+FF 
xH+W.B 


DAYS 
71428 90 365 








Calcium hydroxide content Growth of C-S-H and CH 

for the cements and flyash on surface of FF flyash 

blends. particles after 1 day. 
SEM. 


The pozzolanic reaction of the flyash with CH is shown in Fig.5, using 
the TG data as shown in Fig.3. For D44 with FF, the reaction appears to start 
within 2-3 days, whereas the less reactive cement H requires at least 7-10 
days. The flyash particles in the D44/FF blend are heavily etched after 7 
days, with a clear space between the particles and the shell of hydration 
products, Fig.6, left by the dissolution of the outer layers of glass. Many 
of the finer particles of flyash up to 1-2 um in size are still visible at 7 
days, but are consumed completely by 28 days in the D44/FF blends. 


CafOH)2 reacted 
9/g pta. 


+ FLY ASH CEMENT 
(D/44+ FF) 


x FLY ASH CEMENT 
(H+W.B.) 





DAYS 
23 378. % 26 90 27555 





Pozzolanic reaction of fly- FIG.6. Dissolution of glassy 
ashes with CH. layer on surface of FF 
flyash after 7 days. SEM. 
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A few of 


The mean particle size from Fig.1 for the flyashes is 10-12 um. 
these particles were mainly quartz, carried through as incombustible material 
from the pulverised coal; others were mainly dendritic magnetite formed by the 


decomposition and oxidation of pyrites. The commonest resulted from the 
fusion and decomposition of kaolin leading to the formation of mullite and 
quartz. Fig.7 shows the appearance of acicular crystals of mullite and 
smaller crystals of quartz from within the glass as the pozzolanic reaction 
progresses from 15 days to 275 days. These particles are 10-15 um in diameter 
with the mullite and quartz crystals in the glassy shell outside an inner core 
of much finer unreactive crystalline material. By 275 days the crystals in 
the dissolved shell have become absorbed in the surrounding layers of C-S-H. 


FIG.7. Mullite and quartz revealed by dissolution of the glassy phase of FF 
flyashes after (a) 15, (b) 28, (c) 90 and (d) 275 days. SEM. 
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shows the second common type of flyash particle of limited 
ch contains short radial crystals with a hexagonal shape embedded 


ty which 
fine matrix beneath the glassy layer. As in Fig.8(c) there may be 
After 


ong mullite crystals in the glassy layer of these particles. 
lays the local matrix containing the hexagonal crystals has dissolved and 
ystals appear to have been absorbed into the surrounding C-S-H. 


té NM WM 
“JO 
3 


»f mechanical properties 





early strength in neat cement pastes of D44 is much 
H, Fig.9, although the 28 day strengths are equal. 


flyash, the D44/FF blends exceed the strength of neat 


Radial hexagonal crystals revealed by dissolution of the glassy phase 
(c) 90 and (d) 275 days. SEM. 


of FF flyashes after (a) 15, (b) 28, 
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cement by 90 days whereas the H/WB blends required 365 days. 
contribution of the flyash to the strength of the blend starts 
for the former but only after 7-14 days for the latter. This 


reaction noted in Fig.5 for these blends. 


COMPRESSIVE STRENGTH 
(N/mm2) 

© D/L4 

oH 

+ D/LL+FF. 

tr XH+WB. 








DAYS 
1428 90 365 








FIG.9. Development of strength in FIG.10. Contribution of flyash to 
cements and flyash blends. the strength of D44/FF 
and H/WB blends. 


Discussion 


Hydration of the cement phases 





The hydration of D44 resembles that of the Northfleet cement studied 
previously (2,3). The early hydration of alite, slightly retarded by the 
presence of aluminate ions from the flyash, is enhanced once the concentration 
of Ca*+ is high enough to nucleate CH and C-S-H on the surface of the flyash 
particles. The increased rate of hydration of C,A and C,AF in peak 3 suggests 
that the amount of CH in solution is reduced as early as 10-15 hours. 


The calorimeter output for cement H suggests that surface hydration of 
the alite has taken place during storage and this is confirmed by the amounts 
of CH and calcite detected before hydration. No microscopy has been carried 
out on this cement at present, but the assignment of the peaks in Fig.2 is 
believed to be correct. The prominent peak 3 behaves in the way expected for 
C,A while peak 4 is largely suppressed. 


The pozzolanic reaction and the development of strength 





The two flyashes used in these experiments were chosen for their 
similarity of chemical composition and particle size distribution, but their 
behaviour with the two cements is very different. In agreement with Mehta (1), 
H/WB blends contribute to the strength after 7-14 days, whereas D44/FF blends 





Vol. 14, No. 4 
Halse, et al. 


start to contribute after only 2-3 days, more like blends containing high lime 
flyashes or condensed silica fume (3). This early development of reactivity 


and 


of strength appears at the moment to be unique to D44 cement with Fiddlers 


Ferry flyash. Previous workers using the same ash and a different Portland 
cement at 20°C (5) found no sign of reaction of the spheres even after 13 
weeks, although at 40°C reaction was well-defined after 6 weeks. Comparing 


our 
for 


> ) 
290 


cements D44 and H, the increased alite content of D44 must help to account 
its increased reactivity, but it has a smaller specific surface area of 
m* /kg as against 385 m*/kg for H. 


In our previous work comparing Ironbridge and Drax flyashes using the 


same cement (3), we concluded that the greater reactivity of Ironbridge ash 


was 


Y 


due to its larger specific surface area (375 m*/kg) and smaller particle 


size. Both Fiddlers Ferry and West Burton ashes have similar specific surface 
areas to Ironbridge,with higher glass contents, so that they too would be 
expected to have a high pozzolanic reactivity. The present results emphasise 


the 


importance of choosing a cement with a high rate of formation of CH in the 


first few days so as to exploit the reactivity of such a flyash. In keeping 
with the experiments of Sellevold et al (6) on silica fume blends, a finely 
ground white cement with 80% C,S might give an even earlier contribution to 
strength than D44 with Fiddlers Ferry flyash. Their Danish white cement 
produced 0.3 gm of CH per gm of cement after 14 days compared with 0.18 gm for 


D44 


and 0.12 gm for H. 
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ABSTRACT 
The role of the type of calcium hydroxide ("lime") used in the ASTM C 
311-81 Lime Pozzolanic Activity Test (LPAT) has been studied. Three 
types of lime (reagent grade Ca(OH)?, a commercial lime and a mixture 
of the reagent grade lime and MgO) were used with four fly ashes 
(three Class C and one Class F) in the LPAT. The same four fly ashes 
were used in the ASTM Cement Pozzolanic Activity Test. The formation 
of crystalline reaction products in the lime test was monitored by 
x-ray powder diffraction. All three Class C fly ashes failed to meet 
the LPAT seven-day 800 psi compressive strength criterion when the re- 
agent grade lime was used but all three passed the test when the other 
two types of lime were used. X-ray diffractograms of pastes cured for 
three days at 55°C showed different reaction products formed from the 
pastes containing reagent grade lime compared to the other two lime 
sources. It is proposed that impurities in the commercial lime play 
a key role in determining the pozzolanic activity of Class C fly ashes. 


Introduction 


Class C fly ashes often fail to meet the ASTM C 311-81 Section 34 Lime 
Pozzolanic Activity Test (LPAT) (1). When the same fly ashes are tested with 
the ASTM C 618 Cement Pozzolanic Test, they usually pass easily. It has been 
suggested that the LPAT is not appropriate for testing Class C fly ash for use 
in structural concrete (2). It has been found in our laboratory that a given 
Class C fly ash may pass the LPAT when commercial sources of lime are used but 
the same ash will fail when the ASTM-specified reagent grade calcium hydroxide 
("lime") is used. Suspecting that the explanation for this behavior may be in 
the nature of impurities usually found in commercial limes we designed experi- 
ments that would incorporate three types of lime with and without impurities 
common in commercial limes and four Iowa fly ashes (three Class C and one Class 
F) in the ASTM LPAT. The formation of crystalline reaction products was moni- 
tored with x-ray diffraction (XRD). 


Experimental 


Reagent grade calcium hydroxide (lime) obtained from Fisher Scientific 
Company was used as "pure lime". A Type N commercial lime with a brand name 
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Snowflake was used for the second type of lime. Since one of the many im- 
es commonly found in commercial limes is MgO a third lime (or "pseudo- 
yas prepared by mixing 95% (by weight) of reagent grade lime with 5Z of 
reagent grade magnesium oxide. X-ray diffraction analysis (XRD) showed that 
the reagent grade lime was pure and showed no carbonation. XRD analysis on the 
commercial lime indicated that the major impurity was calcium carbonate. Other 
minor contaminants were not clearly identifiable but several small broad peaks 
observed in the diffractogram suggested the presence of some dicalcium sili- 


i 
1 


cate. XRD analysis of the pure lime-MgO mixture also showed that the major in- 
yas calcium carbonate which probably formed during the mixing procedure. 
mical analyses of the reagent grade and commercial limes are presented 

in Table 1. Due to the amount of silica measured in the commercial lime one 

could predict that this lime may contain small amounts of calcium silicates as 


Four common Iowa fly ashes were used in this study. Three were classified 
slass C (Neal 4, Council Bluffs and Ottumwa) while one (Neal 2) was a 
Chemical analyses, obtained by x-ray fluorescence spectrometry, are 

Physical properties obtained using ASTM C 618 procedures are 

given in Table 2. Compressive strength cylinders were prepared, cured and 


tested in accordance with ASTM procedures. 


X-ray diffraction was used to follow the hydration of lime-fly ash pastes. 
The various constituents of the pastes were proportioned, sealed in plastic 
vials and then cured as described for the lime pozzolan test (1). A small 
amount of SiC (about 9% by total dry weight) was added to the diffraction sam- 
ples to serve as an internal standard. The instrument used was a Siemens D 500 
diffractometer equipped with a diffracted beam monochromator utilizing Cu Ka 
radiation. The generator was operated at 50 kV and 25 mA. 


i 
Results and Discussion 

2 gives the results of chemical analyses and physical tests perform- 
ed on the four fly ashes. All of the fly ashes meet the ASTM requirement for 
the Cement Pozzolanic Activity Test (minimum strength of 90% of the control). 
Figure 1 shows the results of the LPAT on each of these fly ashes. A line is 
drawn at 800 psi, the compressive strength value that must be attained in order 
for the fly ash to pass this test. The Neal 2 Class F fly ash passed the test 
no matter which type of lime was used. When the reagent grade lime was used, 
as is required by ASTM C 311, all three Class C fly ashes failed the test. 
However, when either the commerical lime or the pseudo-lime (lime-MgO) mixture 
was used, the Class C ashes passed the test. This is evidence for a critical 
role of impurities in the lime-pozzolanic reactions of Class C fly ashes. 


= 

Figure 2 shows the XRD traces of the four fly ashes. The major peaks of 
crystalline phases are marked. The position of the broad maximum in the back- 
ground is quite different for the two classes of fly ashes, as noted previously 
by Diamond (3). Figures 3 and 4 show XRD traces for fly ash-lime pastes after 
three days of curing at 55°C. Several general observations can be made from 
these figures. First, the crystalline hydration products for pastes containing 
Neal 4 or Neal 2 fly ash and reagent grade lime (see Figures 3a and 4a) are 
similar to each other. The major reaction product, denoted as RP in Figures 3 
and 4, appears to be Ca3AlFe(Si04)(0OH)g (see JCPDS file No. 32-147). The major 
difference between Figures 3a and 4a is in the reaction products with d-spac- 
ings of 7 to 10 A. The peaks in this range are much more intense for pastes 
containing Neal 2 (Class F) fly ash than they are for pastes containing Neal 4 
(Class C) fly ash. This may reflect the quality of the binding properties of 
the mixtures, with Neal 2 being superior to Neal 4 or any of the Class C fly 
ashes. The remaining diffraction traces (Figures 3b,c and 4b,c) are very 
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Table l. 
Chemical analyses of limes. 


Reagent grade Commercial 


3.08 


Table 


Chemical and physical 


Si02° 
A1203 
Fe 03 
CaO 
MgO 
S03 
K20 
Naj0 


Available alkali 
loss on ignition 
Fineness 
Specific gravity 
Cement pozzolanic 
activity (% control) 
% Autoclave expansion 


ax ee ; \e ee ‘ ' 
Elemental composition was determined by X-ray fluorescence and then expres: 


ed in terms of oxides. The method used for analysis is described in refer- 
ence 4. 


similar to one another and they do not contain the major hydration product tha 
was observed in Figures 3a and 4a. Yet, the strengths observed in the 
pozzolan test with commercial lime and the psuedo-lime were superior comparec 
to the mixes ,made with reagent grade lime. So again the reaction products. in 
the 7 to 10 A range appear to be dominating the cementing properties of the 
mixtures. Comparing Figures 3a, 3b and 3c makes it obvious that the impure 
limes (commercial lime and psuedo-lime) drastically accelerate the formation of 
hydration products with d-spacings in the range of 7 to 10 A in pastes made 
with Neal 4 fly ash. Diffraction traces of the pastes prepared with the other 
two Class C ashes used in this experiment exhibited similar behavior with dif- 
ferences only in relative intensities. On the contrary, Figure 4 shows that 
the various types of lime have little influence on the formation of 
products in the 7 to 10 RK range in pastes containing Neal 2 fly ash. 

It is clear from both the LPAT and the XRD results that impurities in 
lime play an important role in the lime-pozzolanic reactions of Class C fly 
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ash. In the case of the commercial lime, the active impurities may have been 
present in the form of poorly crystallized cementitions calcium silicates. A 
silica content of 3.08 wt% is equivalent to 8.8 wt% CoS or 11.7 wtZ% C35 if the 
silica is present in the commercial lime as these silicates. 


The original premise in our experiments was that the active impurity was 
Mg and thus the experiments with the pseudo-lime were performed. Later, when 
the chemical analyses were done, it was found that the reagent grade and 
commercial limes had about the same level of Mg impurity. It is interesting 
that the pseudo-lime with its much greater level of Mg impurity did result in 
strength increases when used in the LPAT with Class C fly ashes. We suggest 
that the reaction of the Mg in solution with the glass component of the fly 
ashes may account for the difference in behavior of Class C and F fly ashes. 
As noted above, the structure of the glass in a high-calcium fly ash is 
obviously different from that of low-calcium ash as evidenced by the very 
different broad maximum in the x-ray traces (see Figure 2). The noncrystalline 
phases in fly ash, chiefly the glass, are responsible for this broad maximum. 
The glass in a high-calcium Class C ash may be calcium saturated and thus may 
e less affected by the Ca in solution than is the low-calcium glass of Class 
F fly ash. The Mg thus would be the active component of the solutions in pro- 
moting the pozzolanic reactions. On the other hand, crystalline calcium sili- 
cate impurities that may be present in the commercial lime could promote 
further crystallization of calcium silicate hydrates by seeding. Further 


studies needed to clarify and prove this hypothesis are in progress. Also, the TOT 
role of calcium carbonate in the lime-fly ash system needs to be investigated. 1A 






Conclusions 





Experiments have been performed that indicate that impurities in commer- 
cial lime may be an important factor in the Lime Pozzolanic Activity Test. 
Three different Class C fly ashes pass the LPAT when lime containing impurities 
is used but not when pure lime is used. It is suggested here that the impuri- 
ties in the pore solutions promote the pozzolanic reactions with the Class C 
ashes where the glasses have high-calcium contents. Also, it is apparent that 
the lime pozzolan test (described in ASTM C 311-81) is biased against Class C 










fly ashes when reagent grade calcium hydroxide is used. 
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ABSTRACT 

Hydration products of fly ash-portland cements were studied with x-ray 
diffraction (XRD), differential thermal analysis (DTA) and scanning 
electron microscopy (SEM) as part of a continuing research effort to 
understand the pozzolanic activity of fly ashes. It was found that 
the amount of calcium hydroxide crystals in the cement pastes is 
diminished due to the addition of fly ash to the cement. Ettringite 
was produced in the early age, and the consumption of sulfate by the 
formation of ettringite was accelerated by the addition of fly ash. A 
partial conversion of ettringite to monosulfate within the first 7 
days of hydration was observed in the fly ash-portland cement pastes, 
but the formation of ettringite continued to form up to at least 28 
days of hydration in the pastes without fly ash. Examination of the 
fly ash bearing pastes showed, in all cases, varying amounts of 
calcium hydroxide and unreacted portland cement, with minor quartz and 
gehlenite hydrate. It appears that hydration reactions actually occur 
in the fly ash cement pastes more or less on a particle-by-particle 
basis. 


Introduction 





The utilization of fly ashes in cementitious bodies as a replacement for 
cement, an extender or as a reactive aggregate has been practiced in the 
United States for 46 years (1) and has received wide acceptance by the U.S. 
Corps of Engineers for the past twenty-five years (2). Many recent studies in 
the area of hydration of fly ash-portland cement have been reported (3-8). 
Reactivity of fly ashes has been investigated, and calcium and alkali hy- 
droxides, and temperature are known to be the main activators of glassy phase 
hydration reactions as in fy ash (8). However, the hydration process and its 
mechanisms have not been comprehended to the degree necessary to support more 
extensive fly ash utilization, which suggested the need for further studies. 
In the first part of this two-part study (9), the pozzolanic activity index of 
several fly ashes, the rate of hydration heat evolution and the rate of 
development of hydration products for fly ash-cement pastes were determined, 
and the reactivity compared with that of a natural pozzolan, tuff. In this 
initial study, the pozzolanic activity index of the high-lime fly ash used in 
this present investigation was found to be larger (92.87 vs. 81.07) than the 
low-lime fly ash. The presence of fly ash in the pastes retarded the hydra- 
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Chemical Analyses of Starting tion, as determined by the 


Table 1. 


Materials (percent by weight). centroid of the second exo- 


therm, by up to 10 hours when 
contrasted to the control 

Fly ash pastes. Further, the strengths 
Portland Cement H of these pastes containing fly 
ash were somewhat lower than 
the control but developed with 
time in a subparallel manner to 
$i0 . the control pastes. The com- 
pressive strengths continued to 
increase until at 90 days of 
curing they were equal to or 
greater than the control paste 
without fly ash. The reasons 
for these differences in be- 
havior were still not fully 
clear; therefore, in order to 
acquire a better understanding 
of the hydration process and 
its mechanism for fly ash- 
bearing cement, hydration pro- 
ducts and microstructures were 
studied using XRD, DTA and SEM 
techniques. 





Compounds 
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Materials and Methods 





The starting materials for this study included a Type I/II portland 
cement supplied by the Atlantic Cement Co. and two types of fly ash. The 
results reported here are for one Class C fly ash, supplied by DePaw Con- 
struction Co. Characterization of the starting materials was described in 
detail previously (3,9). The high calcium fly ash contained several crystal- 
line phases, and a glassy phase with its hroad band diffraction peaking at a 
smaller d-spacing than in the high-silica fly ashes (3). The chemical an- 
alyses and the physical properties for the starting materials are provided in 
Table 1 and Table 2 respectively. 


Table 2. Physical Properties of Starting Materials. 





Portland Cement Fly ash 
Properties H 








Density (g/cm?) 2.61 
Fineness 
% Residue on No. 200 
(75 pm) Sieve ‘ 7.94 
Specific Surface Area, 
Blaine (m~/Kg) 





All samples used in this study were prepared as pastes. In the test mix, 
35% of the absolute volume of the cement used in the control mix was replaced 
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by an equal volume of fly Table 3% Formulation of the Pastes With and 
ash. Deionized water was Without Fly ash. 

used to mix all samples ee ee ee ee 
and to prepare the sat- 

urated limewater solution Portland 

which was used to immerse Number Cement Fly ash 

the specimens during cur- of r H Deionized 

ing. All samples were Sample (grams) (grams) Water 

cured for the requisite 
time at 20+1°C,. The water 
to solid (w/s) ratio was 
0.43 and 0.40 for the 
blended cement and pure 
portland cement, respec- 
tively. At appropriate 
times, the hydration pro- 
cess was stopped by 
washing the fractured sam- 
ples with acetone and 
vacuum drying for 24 hours 
or drying in an oven at 
about 65°C for 6 hours. 
The formulations of the 
samples are given in Table 
Se 








Phase compositions of 
hydration products were 
determined by DTA and XRD 
methods. DTA studies were 
carried out using a Harrop 
Laboratory DTA unit which 
utilizes a-Al,03 as a con- 
trol material; the rate of 
temperature increase was 
10°C/min. XRD studies 
were carried out on a GE > 258 
X-ray diffractometer that TEMPERATURE (°C) 


utilized a CuK. radiation 
source with a graphite Fig. 1. DTA Curves of the Pastes. 


monochromator in the dif- (PC = portland cement; FH = fly ash) 
fracted beam. All scan 


rates were equivalent to 
2° 20/min. The microstructures and morphologies of the hydration products 


were investigated with an ISI DS-130 or an ISI Super IIIA scanning electron 
microscope. Samples used were sputter coated with approximately 250 to 300 
of gold prior to observation in the SEM. 


TEMPERATURE (°C) 


Experimental Results and Discussion 





Figure 1(a,b) shows the DTA curves of the cement pastes after different 
hydration times. The content of calcium hydroxide (475° peak) in the pastes 
with fly ash was found to be lower than that in the pastes without additive. 
This result is as expected since it coincided with the data estimated by 


thermogravimetric analysis in the previous study (9). It was found that in 
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the early stages of hydration (1, 3 and 7 days), the conversion of the calcium 
trisulfoaluminate hydrate) ettringite to the monosulfate took place in the fly 
ash-bearing pastes, but its conversion in the portland cement pastes was 
delayed to 28 days. 

Abdul-maula and Odler (4) reported that conversion of ettringite to 
monosulfate was observed only in cement with low SO, content in the fly ash. 
It is believed that the formation of monosulfate in the pastes containing fly 
ash used in this study was attributed to the low S03 content of the fly ash 
and due to the dilution effect of the addition of flyash to the cement so as 
to decrease the SOZ- concentration in the pore fluid. 


XRD 
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Figure 2(a,b) 
shows the portions 
of the x-ray dif- 
fraction patterns 
for cement pastes 
with and without 
fly ash. In analy- 
zing the patterns, 
it was shown that 
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i throughout the hy- 

Fig. 2. Portions of the X-ray Diffraction Patterns dration history of 
for Cement Pastes. all the cement 
pastes studied. 

Ettringite was de- 

tected, converting to monosulfate at early hydration stages in the fly ash- 
bearing pastes and at later stages in the control pastes without fly ash. 
Small amounts of quartz and gehlenite hydrate (also seen in the DTA) were also 
found in the pastes with fly ash, which are attributed to the starting min- 
erals present in the fly ash, or their hydration products. 














Fig. 3. 
Hydrated for 1 Day. 


SEM of Fly Ash Cement Paste Fig. 4. SEM of Fly Ash Cement Paste 
Hydrated for 3 Days. 
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In this study, the microstructures of the hardened cement pastes and 
those containing high lime fly ash were monitored from 1 day to 90 days. In 
1-day-old specimens of fly ash cement paste (Figure 3), some of the fly ash 
spheres were found to be coated by the hydration products which were due to 
surface hydration or precipitation from the drying of pore solution. Agglom- 
eration of the fly ash particles was also observed. Between 3 and 7 days, 
ettringite needles and other reaction products had developed (Figures 4 and 
5). By 28 days, the structure had become denser and stronger (Figure 6) in 
agreement with observations reported by Ogawa (10). Ettringite needles were 
no longer seen, probably being converted to monosulfate resulting in the 
densification of the microstructure. In general, the fly ash spheres were 
encapsulated by the hydration products, but some of them were separated from 
the matrix, remaining relatively unaltered (Figures 6 and 7). The appearance 











Fig. 5. SEM of Fly Ash Cement Paste Fig. 6. SEM of Fly Ash Cement Paste 
Hydrated for 7 Days. Hydrated for 28 Days. 


Fig. 7. SEM of Fly Ash Cement Paste Fig. 8. SEM of Fly Ash Cement Paste 
Hydrated for 90 Days. Hydrated for 90 Days, Shows a Hy- 
drated Fly Ash Sphere. 
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of these seemingly unaltered spheres may be related to the fracture process 
during preparation of the sample where failure occurred through a zone of 
weakness between the hydration product and the unaltered cenosphere rim. 
Figure 8 shows a fly ash sphere that has been completely hydrated in the 90- 
day-old specimen. This observation indicates that the pozzolanic reaction in 
the fly ash sphere had taken place. Nevertheless, many fly ash spheres had 
not been entirely hydrated even by 90 days of curing because the pozzolanic 
reaction is a slow process, and also because some of the crystalline com- 
ponents are unreactive. 

Comparing the microstructure 
of pastes with and without fly 
ash, it is found that although the 
primary hydration products exhibit 
no significant differences, there 
is more crystalline calcium hydr- 
oxide generally formed in voids, 
for the cement pastes. Figure 9 
shows just such a void formed from 
a cenosphere that was subsequently 
filled with calcium hydroxide 
crystals. It is attributed to the 
high concentration of Ca(OH), in 
the solution of the paste during 
hydration. So, causticity of the 
hydration products in the portland 

: i. : cement paste would be higher than 
4eku | 4 0920 16SEPs3 that in the fly ash-cement paste. 

iret x Table 4 presents some results of 

Fig. 9. SEM of Portland Cement topochemical analyses attained by 
Paste Hydrated for 28 Days, Shows an energy dispersive x-ray analy- 
a Void Filled Calcium Hydroxide. zer for 28-day-old pastes with and 
without fly ash. It is shown that 


the ratio of CaO to (Si0, + Al,0, 
+ Fe,0 ) for the matrix nearby a void in the portland cement paste is 4.42 
contrasted to the ratio obtained from the cement matrix adjacent to a fly ash 


Table 4. Topochemical Analyses of Hydration Products in 28-Day Old Pastes 
With and Without Fly ash. 








Position of Nearby On Surface of Nearby a 
Analysis Point A Void a Fly ash Sphere Fly ash Sphere 





Sample #/Wt.% P28d FH2 8d FH28d 


Chemical Analyses 76.78 a3..57 65.87 
(% by Weight) 7) 14.83 26.13 13.97 
2.54 50.50 3.53 
5.95 9.80 11.53 





Molecular Ratio 
Ca0/(Si0, + A1,03 
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sphere, in the fly ash-portland cement paste, which was determined to be only 
3.20. These results are not quantitative, but indicative of trends. 

Sometimes ettringite needles are seen in the 28-day-old specimen of 
portland cement paste, suggesting that the conversion of ettringite to mono- 
sulfate in the pure cement paste occurs later than in the fly ash cement 
paste. 


Conclusions 


The experimental results reported above have shown that the content of 
crystalline calcium hydroxide in the fly ash~-portland cement pastes is 
decreased as a result of the addition of fly ash, most likely resulting from 
the additional reaction of the calcium with alumina and silica from the fly 
ash to form additional C-S-H. Additional findings support the conversion of 
ettringite to the monosulfate at an earlier curing age in the fly ash-blended 
pastes than in the control pastes. This conversion was observed to be 
accompanied by an increase in the density of the microstructure which is 
manifested in the physical properties that was reported previously by the 
authors (3). Finally, pozzolanic reaction was observed to occur readily in 
the fly ash-containing pastes with the hydration of the fly ash spheres 
occurring on a more or less particle-by-particle basis governed primarily by 
the particle chemistry. These results, along with those from recent previous 
studies, further elucidate the complexities of the reactions of fly ash with 
portland cement, and support the observations that the development of proper- 
ties of cementitious mixtures containing them are equivalent to or in some 
cases superior to those of mixtures with portland cement alone. 
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° ABSTRACT 
The ash by-products from combustion or gasification of western U.S. 
coals have chemical and mineralogical characteristics that lend them- 
selves to utilization in ceramic materials. Laboratory and pilot- 
scale fabrication of four such materials has been studied. Cyclone 
Slag from four lignite-fired power plants and a dry scrubber ash have 
been fabricated into mineral wool insulation in a pilot-scale cupola. 
Extruded and fired mixtures of fly ash, clay and ground glass have 
produced ceramics with extraordinary high flexural strength. Ceramic 
glazed wall tile that utilize fly ash in place of clay have been pre- 
pared and shown to meet most specifications for fired clay tile. Both 
fired and unfired dry-pressed brick containing 100% western fly ash 
have met ASTM specifications for fired clay brick. 















Introduction 













This paper concerns the utilization of solid by-products from the com- 
bustion and gasification of western coal. As discussed by Diamond (1) in 
these proceedings, virtually all of the fly ash produced in the United States 
that is not disposed of directly is utilized in cement and concrete and in soil 
Stabilization. Yet, only about 20% of the available ash is being used at this 
time (1). Power plants produce other forms of ash and slag that presently have 
no commercial markets. The first commercial gasification ash will be generated 
at the Great Plains Gasification Plant in Beulah, North Dakota, in late 1984. 
There is also, as yet, no commercial market for this ash and it is planned to 
dispose of it by burial at the nearby mine site. Utilization of these various 
coal by-products would yield the double benefit of having a relatively inex- 
pensive and steady source of raw materials along with elimination of disposal 
costs. 














The chemical and mineralogical characteristics of western coal fly ashes 
and lignite gasification ash are discussed by McCarthy et al. (2,3) in these 
proceedings. These characteristics make it possible to utilize western coal 
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in a variety of useful ceramic materials. Among these materials are mineral 
wool, high flexural strength ceramics, ceramic: tile and brick. The mineral 
wool is used in insulation and ceiling tile. The high flexural strength 
ceramics have been explored as a replacement for wood in areas of severe 
environments and in power line poles, while the ceramic tile and brick have 
many conventional applications. Over the last 20 years, various projects 

aimed at utilization of these coal by-products have been carried out at the 
University of North Dakota (UND). Highlights from these studies are summarized 
below. 


Mineral Wool 





Mineral wool can be fabricated from any form of coal gasification or com- 
bustion ash as long as the ash composition falls within certain limits. 

Workers at the University of West Virginia (4,5) and the Tennessee Valley 
Authority (6) have demonstrated the production of mineral wool from bituminous 
coal ash slag. We describe here several pilot scale experiments on mineral 
wool production from lignite coal slag and fly ash aimed at exploring the 
feasibility of mineral wool production from lignite slag, gasification ash and 
fly ash. 

In North Dakota and South Dakota there are four lignite-fired electrical 
power plants that utilize cyclone boilers. This type of boiler converts the 
majority of the lignite ash into molten slag that collects at the bottom of the 
boiler and is quenched from a temperature of approximately 2600°F (1427°9C) into 
water to form a coarse frit. This fritted slag could form the raw material 
for a mineral wool production furnace. Alternatively, the mineral wool could 
be fabricated directly from the stream of molten slag at the power plant site. 


In our experiments, slag or ash is melted in an outdoor cupola (Figure 1) 
using coke as the fuel. The ground slag or ash in the form of balls is inter- 
layered with coke. Temperature, measured with an optical pyrometer, is con- 
trolled by varying the supply of air and coke. A typical temperature range for 
melting a lignite ash is 2600-3000°F (1427-1649°C). To fiberize the molten slag, 
compressed air at 140 psi supplied to a blow cap which consists of a 2-in. plumb- 
ing pipe cap having a pattern of 1/8 in. holes drilled in the shape of a V (Fig- 
ure 2) was used. A second method of fiberizing the molten slag, a spinning disk 
apparatus (similar to a cotton candy machine) was also explored. However, be- 
cause of the need to study many disk configurations and spin rate variables be- 
fore using the spinning disk apparatus optimally, most effect to date has con- 
centrated on blowing mineral wool. 


Fig. 1 Cupola Used in the Fig. 2. .Mineral Wood is Blown Using A 
Fabrication of ltfineral Wood Cap With Holes In the Form of a V. 
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Cyclone slag from each of the four power plants was evaluated. Composi- 
tional data for each slag are given in Table 1. The chief variable used by the 
industry in deciding on the suitability (melting range and viscosity) of raw 
materials for mineral wool production is the "acid/base ratio" (7), which is 
also shown in Table 1. Alkali and iron oxides are not usually included among 
the bases in this ratio, but we have done so because of the substantial alkali 
and iron contents of most lignite ashes and the important effects of these 
components on melting and viscosity. Iron can be present in both divalent or 
trivalent states in glass, but under the reducing conditions in the coke-fired 
cupola, the oxidation state of iron is dominantly divalent and thus it has 
been included with the bases. For commercial mineral wool, it is usually 
Stated that the acid/base ratio should be in the range 0.8 to 1.2 for proper 
melt flow and fiberization. The Big Stone, Coyote and Milton Young slags fell 
within this range while the Leland Olds did not and was distinctly more diffi- 
cult to fabricate into wool. 


Also shown in Table 1 are the two parameters used to measure the quality 
of the mineral wool product. According to one manufacturer (Conwed, Inc., in 
Red Wing, Minnesota), for commercial mineral wool, the fiber diameter should 
fall within the range 4 to 7 micrometers. The wool made from Coyote and Milton 
Young slags do fall within this range while those from Big Stone and Leland 
Olds slags do not. The "shot" content (residual glass beads) is another para- 
meter used in evaluating mineral wool. Shot content should be between 50 and 
57%. The wools made from all the slags failed to meet this criterion. See 
Reference 8 for further details on the processing and testing of mineral wool 
from cyclone slags. No further work is planned with the cyclone boiler slags. 


Our current work is focussed on the use of fly ash or scrubber ash as the 
raw material for mineral wool production. In one recent test, scrubber ash 
from the Antelope Valley Station in Beulah, North Dakota, has been fabricated 
into mineral wool. This ash is produced in a dry scrubber in which lime and 
the fly ash are the basic materials used to remove SO? from the flue gas. Fly 
ash still constitutes about 90% of the material. The ash is cementitious and 
was easily formed into balls to charge the cupola by the addition of water and 
hand working. The melting and fiberization characteristics resulted in greater 
ease of fabrication than was the case with any of the four cyclone slags, 
probably because of the low acid/base ratio. The product from this run is now 
being evaluated by a commercial mineral wool manufacturer. 


High Flexural Strength Ceramics 





Ceramics are inherently brittle materials with relatively low flexural 
strength (refer to Figure 3). In 1979, Williams and Ali (9) reported the 
fabrication of ceramic power poles from a mixture of fly ash, crushed scrap 
glass and clay. Their work used a subbituminous coal fly ash. Some explora- 
tory work was done to see whether the ceramics could also be fabricated using 
a lignite coal fly ash and to optimize the ratio of ash to glass for maximum 
flexural strength. 


Table 2 lists the compositions of the fly ash, glass and clay used in our 
tests. The ash was obtained from a North Dakota power plant burning lignite. 
The glass was beverage bottles ground to -100 mesh and the clay was a western 
North Dakota sandy kaolinite known as Golden Valley Clay. Also given in 
Table 2 are the corresponding compositions used by Williams and Ali (9). After 
weighing the mixture of glass, clay and fly ash, adding water and mixing, the 
green material was extruded using either a 1 in. diameter laboratory extruder 
or a 2.5 in. pilot-scale model loaned by a brick company. Considerable effort 
was required in adjusting water content, amount of vacuum, speed of extrusion 
and power requirement in order to obtain the highest density product. After 
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Table 1 


Mineral Wool Composition, Melting and Product Data 
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drying the green material in air and in an oven, the material was fired 
according to the following schedule: heat to 1900°F (1038°C) and soak for 
30 min., cool to 1400°F (760°C) and annealled for 1 hr. and slowly cooled in 
the kiln. 

The apparatus for determination of flexural strength employed a Riehle 
universal testing machine using a three point loading. A specimen undergoing 
testing is shown in Figure 3. Figure 4 gives the flexural strength as a 
function of the ratio of fly ash to ground glass. The amount of clay was 
held at 10% of the dry weight of the fly ash plus glass mixture. A maximum 
mean value of 7903 psi was obtained when the mix ratio was 65% fly ash to 35% 
glass. Williams and Ali (9) reported a maximum in flexural strength of 5646 
with a 50% fly ash to 50% glass mixture. A typical flexural strength for a 
ceramic of this configuration is 1000 psi. 


Table 2 


Chemical Analyses of Fly Ash, Glass and Clay 
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(Williams and Ali (9) (this study) 
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Additional tests were performed on these ceramics. Absorption value is 
the weight percent of water absorbed after the ceramic is immersed in water 
for 24 hrs. An absorption value less than 0.3% for unglazed ceramics is 
required for most applications. Our values of 0.2 to 0.4% were quite low and 
were comparable to those reported by Williams and Ali (9). Apparently, the 
partial melting of the glass components of the material results in little 
open porosity. Impact strength was also measured. Our maximum value for impact 
strength was also obtained with the 65/35 fly ash to glass ratio mix. 
Electrical breakdown strength was also tested, but this ware failed these 
tests due to the presence of sodium sulfate salt on its surfaces. This par- 
ticular fly ash was unusually rich in sodium sulfate. 


Although limited in scope, these results demonstrate that a useful 
ceramic material can be produced using very inexpensive raw materials, a 
fly ash that would otherwise have no value in cement/concrete applications 
(because of its high sodium content), used container glass and a small amount 
Of Glay. 


Ceramic Glazed Wall Tile 





Ceramic wall tile are made from relatively expensive raw materials such 
as kaolin and talc. Several years ago a small study was performed for the 
Saskatchewan Power Corporation to explore the use of their Boundary Dam lig- 
nite fly ash as the raw material for ceramic tile. The composition of this fly 
ash is given in Table 3. 


Trial batches consisting of 0.9 lbs. of fly ash and 0.11 lbs. of water 
were mixed and pressed into 4.25 in. square tile in a steel mold using a 


pressure of 4500 psi. The tile were allowed to air-dry for 24 hrs. After 


oven drying at 212°F (100°C) for several hours, the tile were fired to a 
temperature of 1970°F (1077°C) (Cone 01). Glazes were then applied and the 
tile were refired to 1670°F (910°C) (Cone 08). 


The tile were tested to the Canadian Government and ASTM specifications. 
Tests for warping, wedging, crazing and thermal shock were passed by the fly 
ash tile. Table 4 gives the results of four tests and the corresponding 
specifications. A typical breaking strength of ordinary tile is about 82 lbs. 
The tile met all specifications except for water adsorption. Apparently, there 
was too much open porosity with the unglazed surfaces of the tile which 
readily admitted water. Additional work now underway with North Dakota lig- 
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Fig. 3. Flexural Strength Fig. 4. Flexural Strength as a Function 
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nite fly ash and gasification ash includes special attention to this water 
adsorption specification. 


Dry Pressed Ash Brick 





Another potential large-scale market for fly ash that we have explored 
during the last two decades is construction brick. (10) A conventional brick 
is largely clay. Our objective is to replace these raw materials with fly ash 
and other coal by-products. We report here on work performed for the Otter 
Tail Power Company, Fergus Falls, Minnesota, in the 1960's. This research 
has recently been reactivated and is now focussed on the by-products from the 
Great Plains Gasification Plant in Beulah, North Dakota. 


Tapie 3 


Compositions of Raw Materials for Ceramic Tile and Brick 





Boundary Dam Ottertail Power 
Fly Ash Fly Ash Bottom Ash 
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approaches have been tried. The first used a formulation, developed 
y the Coal Research Bureau of West Virginia University (11), of fly ash, 
-yclone slag and small amounts of sodium silicate. The fly ash and cyclone 
were from Otter Tail's Number 2 Unit in Fergus Falls, Minnesota, which 
a North Dakota lignite. A typical composition for this fly ash is given 
in Table 3. After several tests, it was found that greater strengths were 
obtained without the sodium silicate additive and this was eliminated. A 
mixture of 55% fly ash and 45% cyclone slag (ground to -16 mesh) was found to 
be optimum. This batch, combined with about 12.5% water, was mixed and pressed 
into bricks at 3000 psi in a steel mold. After drying at 212°F (100°C), the 
brick was fired at 2106°F (1154°C) (Cone 3) in an electric kiln. 


The cementitious behavior exhibited by many CaO-rich western fly ashes 
(see reference 2) was the basis of the second approach. In such an ash the 
firing step can be eliminated. The bricks are simply pressed and dried at 
212°F (100°C). They harden from their own self-pozzolanic reactions. 

Table 5 presents the results of standard ASTM tests on the two types of 
fly ash brick along with the ASTM specifications for brick. Both types of 
brick meet the specifications. It is remarkable that the unfired brick 
achieved compressive strengths in the range of 2700 to 3100 psi. The ability 
to eliminate the energy intensive high temperature firing step is especially 
attractive in this coal by-product utilization option. Brick panels were made 
from both types of brick and have been exposed to the elements for nearly 16 
years. Over this period of time the bricks have showed little deterioration. 
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Conclusions 


We have described four means of utilizing fly ash and other by-products 
from western coals. These applications go beyond the familiar blended cement 
and soil stabilization options that account for most of the commercial utili- 
zation of fly ash. Mineral wool that meets most industry specifications has 
been fabricated from remelted cyclone slag or melted fly ash. Firing a mixture 
of fly ash, ground scrap glass and clay has yielded ceramics with extraordinary 
flexural strength. It has been shown that glazed ceramic wall tile can be fab- 
ricated from pure fly ash. These tile met all Canadian government specifica- 
tions with the exception that their water absorption was somewhat high. Fi- 


Table 4 


Properties of Ceramic Tile Made From Fly Ash 





Fly Ash Tile Specifications® 





Warpage along edges, % 0.25 convex -5 convex, % max 
-2 concave, % max 


Warpage along diagonals, % 0.17 convex -35 convex, % max 
-15 concave, % max 


Wedging, % O02 25 4 max 
Water Absorption, Z 2146 
Breaking Strength, 1b.> 86 





a ™ , ss a én ‘ ae 
"Standard for Tile: Ceramic, Floor, Wall and Trim Units," Publ. 75-GP-Ib, 
Canadian Government Specifications Board. 


DASTM C648-71. 


Table 5 


Properties of Dry Pressed Ash Brick 





Fired Brick? Dried Brick@ 
2106°F 212°F Specification> 





Boiling Water 5 OR ah 20.0 max 
Absorption (%) 


Saturation Coeffi- : 0.80 max 
cient 
Compressive Strength 5168 2500 min. 
(psi) 





955% fly ash/45% cyclone slag. 


Past for Grade SW brick. 


nally, brick has been fabricated from a mixture of two coal by-products, fly 
ash and coarsely ground cyclone slag. Whether fired at high temperature 

or not, the brick met all ASTM specifications. The ability to make satis- 
factory brick from waste materials and without high temperature firings offers 
the possibility of great savings in raw materials and energy costs. 
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ABSTRACT 
Mortars prepared from slag-cement blends have been shown to exceed or 


equal the strengths of portland cement mortars at 7 to 28 days. Such 
cements have further potential advantages in their performance with 
regard to durability, and in their early stage properties which govern 
workability. The early stage rheological properties including mortar 
flow, yield stress, and viscosity were investigated, combined with 
zeta potential measurements, and used to explain the excellent worka- 
bility. The working time of slag cement may be extended to later ages 
compared with portland cements through use of superplasticizers. 


Introduction 





Slags constitute an important mineral by-product resource (1) whose 
optimal utilization as cementitious materials is important to the concrete 
industry (2). This study is a part of investigations to determine the rela- 
tionship between slag characteristics, their hydration behavior, and their 
performance in concrete (2-5). 

The rheological behavior of fresh concrete is obviously important during 
the mixing, transporting, placing, consolidating and finishing operations, but 
also controls in part the properties of hardened concrete. This paper seeks 
to contribute to an understanding of the properties of cementitious materials 
in which major portions of the matrix consist of granulated blast furnace 
slag. Comparisons have been made between the properties of cements containing 
three different slags, two different portland cements, and two different 
admixtures. 

Rheological behavior, including mortar flow, yield stress and viscosity 
were studied to provide a sensitive measure of the structural aggregation in 
suspension (6). Flow curves, furthermore have been commonly used to examine 
the effect of admixtures on the flow behavior of cement paste (7). High range 
water-reducers are widely used in the cement and concrete industry to reduce 
the required amount of mixing water and generate lower porosity cementitious 
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materials. Their mechanisms of action have been studied by a number of 
authors, and the zeta potential of cement particles was shown to play a major 
role (8). Qualitatively similar effects were found in type I cements to those 
in sulfate-resistant cements, but the former had somewhat larger (negative) 
zeta potentials (8). The significantly different chemistry and structure of 
slags from that of portland cements might be expected to contribute to dif- 
ferences in rheological behavior of slag-containing cements (2). Previously 
(9), we found that the negative magnitudes of the zeta potentials for high 
slag content cements, especially those containing a high-range water reducer 
(superplasticizer) are generally greater than those for portland cement, 
causing petter particle dispersion and higher fluidity of the cementitious 
mixtures which changes with processing time and admixture concentration. 
Therefore, the current studies were undertaken to compare the rheologic 
properties of slag cement mixtures with those containing portland cement, and 
to elucidate the behavior as reflected in comparison of slump and other mea- 


surements (1). 


Experimental 





The measured viscosities of cement pastes are affected by both material 
and experimental parameters: chemical composition, particle size distribution 
or specific surface area of the cement, water-to-cement ratio, hydration time, 
curing temperature, mixing time and intensity, admixture type and concentra- 
tion, and the geometry, general characteristics and operating procedure of the 
viscometer, so that the results reported by various authors are different and 
even sometimes apparently contradictory (6,10,11). Hydration reactions are 
known to cause a change in flow behavior with time because of the consequent 
agglomeration of cement particles. However, agitation strongly affects the 
flow, causing a breakdown of aggregated structure. Continuous high shear 
agitation is not a normal state in most concrete production; therefore for 
best reproducibility, such agitation is generally avoided during the measure- 
ment of time-dependent flow behavior, except for mixing just prior to the 
measurement, which is necessary to assure a homogeneous slurry. In order to 
assure comparable results in the current measurements, identical experimental 
conditions were maintained in all the tests. 

Samples of slag cement pastes SC-I, SC-II and SC-III were prepared by 
blending 1:1 weight ratio mixtures of a type I/II portland cement (code II-02) 
and three kinds of granulated slag, codes B19, B47 and B63, respectively, with 
the cement-to-slag ratio (1:1). The compositions of these materials were 
described in (9) and (12). The Blaine specific surface areas were, respec- 
tively, 359, 508, and 355 m2/Kg for the B19, B47, and B63; and 368 for II-02. 
Flow table tests and compressive strength measurements were made according to 
ASTM C 109. The apparatus used for yield stress and viscosity measurement was 
a coaxial cylinder type viscometer HAAKE RV3. In order to measure high vis- 
cosity during initial setting periods, an MK500 measuring head was used, which 
is available in the torque range of —4.9 NM (500 cm.g). The sensor system 
used was MVIIP, which consists of rotor (bob) with grooves on the surface, and 
stator (cup). The diameters of the bob and cup were 18.4 mm and 21 mm, 
respectively. The immersion length was 60 mn. 

The admixtures used were sulfonated naphthalene formaldehyde condensate 
high range water reducers (superplasticizers) A3 and A4, which contained 43% 
solid; A4 also contained an additional retarding component. The admixture 
(0.5 a/c wt.%) was dissolved in deionized water before mixing with cement. 
The concentration used was limited, since sedimentation was found to occur 
during viscometric experiments in cement slurries with superplasticizer con- 
centrations greater than 0.5%, which could give rise to large errors. The 
water-to-cement ratios (w/c) used were 0.4. 
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A 600g sample was mixed by hand with 240g admixture-containing solution 
for 1 minute, followed by a 1.5 minute rest, then agitated at 3500 rpm and 
9000 rpm for 15 seconds and 45 seconds, respectively, in a high speed blender. 
Thus, an identical (homogeneous agitated) slurry was produced in each case. 
The slurry was not additionally agitated until the required processing time 
approached. Prior to each measurement, the slurry was agitated by hand for 1 
minute with a spatula. About 12 oz. of slurry was placed into the cup. The 
measurement determined the shear stress during cycles in which the shear rate 
was first increased and then decreased, at a speed of 100 rpm/minute, up to 
the maximum of 600 rpm. The cycle time was 12 minutes. The apparent viscos- 
ity data were calculated at 300 rpm on the down flow curve, according to the 
equation, n, (apparent viscosity) = G°S/n, where G is an instrument constant, 
S is proportional to the shear stress, and n to the shear rate. All the 
viscosity measurements were made at 38°C, utilizing a constant temperature 
bath. 


Results and Discussion 


The compressive strengths of mortar cubes (23°C cure) of a control type I 
portland cement are shown in Fig. 1, which shows that 7-day compressive 
strengths of the 35 cement:65 slag (Newcem) are equal to that of the control, 
while 28-day strengths of all the blends exceed that of the control. Speci- 
mens cured at 38°C (more typical of temperatures reached in much field con- 
crete) reached equal strength at 3 days. Results similar to Fig. 1 were found 
previously with blends of granulated slag with a type II/I portland cement. 

Figures 2 through 5 show the viscometric curves used for the measurement 
of apparent viscosity and yield stress, for slag-cements and portland cement 
with and without superplasticizer. The portland cement (Fig. 2) showed thixo- 
tropic* behavior except in the lower shear rate range after 4.75 hours, while 
all the mixes with 0.5% A4 (Fig. 3) showed thixotropic behavior, and generally 
lower yield stresses and vis- 
cosities. The ‘down’ flow curves 
were found to be almost linear, 
especially in the high shear rate 
regions, thus, the apparent vis- 
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*As discussed previously (13), this is really pseudothixotropic behavior. 
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Fig. 3. Flow curves of the portland Fig. 4. Flow curves of 0.4 w/c 
cement paste with 0.5% admixture A4. slag cement (SC-I) paste. 
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5. Flow curve of 0.4 w/c cosities were calculated from the 300 
cement (SC-I) paste with rpm shear rate measurement on the de- 
A4. creasing shear rate curves. Slag 
cement SC-I (Fig. 4) showed thixo- 
tropic behavior except the measurement 
after 15 minutes hydration. The shear stress or viscosity after 15 minutes 
was higher than that after 1 hour, suggesting a slight false setting phe- 
nomenon, which disappeared upon the addition of admixture to the sample (Fig. 
5). The slag cement SC-II (Fig. 6) exhibited behavior similar to that of SC-—I 
but with normal thixotropic flow in all measurements. The addition of super- 
plasticizer markedly lowered the yield stress (Fig. 7). Slag cement SC-III 
behaved somewhat differently. It exhibited significant yield stresses in the 
absence of admixture; while the measurements after 15 minutes and 1 hour 
showed antithixotropic behavior. The up and down curves crossed and double, 
even triple, loops occurred after 2 and 3 hours. The maximum shear stress was 
up to 271 Pa at 600 rpm shear rate after 3 hours, which was much higher than 
the other samples. However, with the addition of 0.5% admixture A4, it only 
required less than 50 Pa maximum shear stress at 600 rpm. This indicates that 
the superplasticizer affects all the slag cements beneficially, particularly 
SC-III, prolonging their working period. 
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Figure 8 contrasts the mortar flow table aaa 
measurements of portland and slag cements; the 15 min2he 
flow values of cements changed with the concentra- 
tion of admixture A3. It was concluded that the 
flow values for slag cement are higher than that 
for portland cement and follow the order of SC-III 
> SC-I > SC-II, which is the same order as that of 
the zeta potentials measured for those slag ce- 
ments (5), i.e., the higher the negative zeta 
potential the higher the flow. The optimum con- 
centration of A3 for both portland and slag ce- 
ments appeared to be about 1.5% admixture-to- 
cement ratio, which may also be identified from 
the results of the zeta potential measurements. 
However, it was found that 0.5% superplasticizer 
(liquid) significantly improved (increased) the SHEAR STRESS (Pa) 
flow. 

Figure 9 shows the changes in apparent vis- Figs 7. Flow curve 
cosity (measured from the viscometric curves) with of 0.4 slag cement 
processing time. The viscosity trends are gen- (SC-II) pastes with 
erally the opposite of the flow, as expected. It with 0.5% A4. 
is obvious that viscosities for all the 
cements increase in magnitude with time 
and undergo significant changes within a 
certain period, corresponding approxi- 
mately to the initial setting period of 
the cement paste, it is also correlated 
generally with the phenomenon of zeta 
potential change (7,9). The upper four 
curves represent those samples con- 
taining 0.5% A4. The superplasticizer 
A4 strongly decreases the viscosity and 
may slightly delay the setting. This 
may be explained by the increased nega- 
tive zeta potentials of the cement par- 
ticles with superplasticizer, giving 
rise to a better particle dispersion and 
consequently a higher fluidity of cement 
paste. The viscosities of the above ce- 
ments with admixture A4 followed the se- 
quence PC > SC-I > SC-II > SC-III, which 
corresponds roughly to the inverse se- 
quence of negative zeta potential (9). 
However, in the case of those cements 
without admixture, the behavior was 
slightly more complex. The viscosities 
of SC-—III and SC—II appear to be higher 
than that for portland cement, which is Fig. 8. Mortar flow of cement 
not easily explained from the zeta po- slurry vs. amount of admixture 
tential concept. This may be related to A3. 
other effects, however, such as the 
higher specific surface areas of the ground slags compared with the portland 
cement components. 

Figure 10 shows the changes in yield stress with processing time. The 
results of yield stress change were similar to those of viscosity. It is 
noted that superplasticizer A4 significantly decreases the yield stress almost 
down to zero, and maintains a low yield stress until 3-4 hours or longer. The 
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decrease in yield stress is 
generally greater in the slag 
cements than in the portland 
cement. 

Additional comparisons 
were made between the effects 
of a common water reducing 
admixture (lignosulfonate,A15) 
and the superplasticizer. 
Figure 11 compares the effects 
upon slag cement SC-III. The 

OF tacit use of 0.25%* of A15 lowered 
—— the viscosity and yield stress, 
but did not have as pronounced 
an effect, nor did it remain 
effective as long as the su- 
perplasticizer. The etfects 
upon the yield stress and vis- 
cosity are compared in Fig. 12. 
The same slag, B63, was used in 
all mixtures. It is noted that 
Fig. 11. The effects of different admix- the effect of 0.5% superplasti- 
tures on yield stress and viscosity of cizer A4 on slag cement with 
slag cement SC-III (A15 = lignosulfonate). type I cement (code I-09) is 
less pronounced than that with 

type II cement (code II-04) and 
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40 —025 % AI5 
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*This concentration was recommended by the manufacturer. 
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also did not re- 
main effective as 
long. In the ab- 
sence of admix- 
ture, the viscos- iacibiin 
; ’ L T 
he agg er @ 1-04/863 = 1:1 NO ADDITIVE 

: 300'~ @ [-09/863= 1:1 NO ADDITIVE | 
cement with type I © 1-04/863*1:105 % Ae 
cement were lower OQ 1-09/863=1:105 % Ag 
than that with 250 
type II cement in 
the earlier stage. 
However, the trend 
reversed after 
epout 3 hours. 
The former fact 
may be related to 
the higher nega- 
tive zeta poten- 
tial found for a 
type I cement as 
indicated prev- 
iously (8), while 
the latter fact 
may be explained 
by the higher C3A TIME (hr) (scale) TIME (hr)(scale) 
content of type I 
cement, which re- 
sults in faster 
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Fig. 12. Yield stress and viscosity of 50:50 blends 
hydration. of slag with type I and type II cements. 


Discussion and Conclusions 


The rheological behavior of fresh cement pastes and mortars has been 
compared with the behavior of mixtures (1:1 weight blends) of portland cement 
with granulated slag. Adequate workability is obviously related to the ach- 
ievement of satisfactory long-term performances of concrete (1-5). The ma- 
terials studied showed increased strength in mortar cube tests of the slag 
blends, over those of the portland cement controls beyond 7 days (or beyond 3 
days at elevated temperatures). The higher slump imparted to concrete mix- 
tures by granulated slags (1) is reflected in the somewhat lower viscosities 
and yield stress values for the slag cement pastes. A substantially greater 
benefit from additions of water reducers or superplasticizers is realized for 
the rheological properties of slag cements, than for portland cements. The 
same phenomena have been observed in zeta potential measurements(9), which 
show the higher negative surface charge developed on slag particle surfaces, 
providing a mechanism for generating better dispersion and hence better work- 
ability. Part of the explanation for the greater effectiveness may be related 
to the lower basicity for slag cement (9). High range water reducers were 
observed to react in part with dissolving species from hydrating portland 
cement (16), so that in contrast, the superplasticizer effects may be realized 
more fully in the slag-cement mixtures than with portland cement alone. 

The flow behavior of high surface area slag-containing cement mortars was 
found to be relatively similar to that of lower surface area portland cements. 
The use of high range water reducers (superplasticizers, ~0.23% of cement) 
accentuated the differences, causing all the slag mixtures to exhibit greater 
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flow than the comparable portland cement mixtures. Similar effects to the 
above (2) were produced by addition of lignosulfonate-type water-reducing 
admixtures, only the effects were much less pronounced. The viscosity and 
yield stress of all cement slurries generally increase with processing time 
and undergo significant change within a certain period, which is related to 
the time dependence of the zeta potential. However, slag cement workability 
periods can generally be extended beyond those of portland cement. 
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ABSTRACT 
Lime stabilization of clayey soils is very common throughout many 
parts of the world. Typically if heaving is observed after quick 
lime (CaO) stabilization, then one may think that insufficient lime 
and/or poor slaking and mixing techniques may be the root of the 
problem. Actually, there are several other reasons for the observed 
heaving. One explanation is that the lime may have been hard burnt, 
thus rendering the lime inactive until months later. Another expla- 
nation is due to the interaction of the quick lime with gypsum 
(Gaso7;.: 2 H50) in the soil to be stabilized. 











One may conclude that lime, Type I portland cement, or Class C fly 
ash stabilization of high gypsum bearing soils would at best produce 
poor results because of the possibility of expansion due to the for- 








mation of ettringite. 







Introduction 





Sulfate attack is probably the most common form of chemical attack ex- 
perienced by portland cement concrete. The purpose of this paper is to pre- 
sent comments on the nature of sulfate attack in lime stabilized soils. A 
portion of the paper includes the presentation of data and conclusions ob- 
tained from an actual construction project that experienced detrimental sub- 
base heaving due to sulfate attack. 









The Nature of Sulfate Attack 








Sulfate attack in portland cement concrete is typically represented by 
equation 1 (1) although there are several combinations of reactants that may 
produce the same product (i.e., ettringite). 








3Ca0.A1903.CaSO4.12H20+2CaS04.2H720+18H,0 > 3Ca0.A1903. 3CaSO, . 32H20 (1) 
(monosulfoaluminate) + (gypsum) + (water) > (ettringite) 





Actually the reaction may be much more complex than shown above and at least 
one author claims that this equation alone does not explain all the expansion 
problems normally associated with sulfate attack (2,3,4,5). In this paper we 
will follow a slightly different mode of thinking since the subject under in- 
vestigation is sulfate attack in stabilized soils rather than sulfate attack 
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in concrete. Assume we can idealize a lime-clay system as denoted in equa- 
tion 2, where the vague term "clay" simply refers to an alumino-silicate of 
high specific surface that has no self-cementitious properties. This re- 
action is pozzolanic in nature and thus is a fairly slow reaction: 


CaO + H20 + excess clay + Ca,Al,.cH720 + CaySiy.zH20 + clay 


where a, b, c, x, y and z are variables that are dependent on temperature, 
pressure and the molar ratios of reactants. If gypsum is added to the system 
and a fairly high moisture content is maintained then reaction 3 may occur. 


Ca,Al,.cH20 + CaSO,.2H70 + 3Ca0.A1703.3CaS04.32H 0 + ... (3) 


If reaction 3 took place in a soil that had been compacted to a high density 
(90 to 95% standard proctor density) then detrimental expansion may take 
place due to the formation of ettringite. The reactions that have been 
ed above are only very simplistic models, the real nature of the soil-lime- 

gypsum interaction is much more complex, depending heavily on soil properties, 


list- 


lime activity, and the soil moisture content. 
A Case History 

Figure 1 illustrates what appears to be the influence of sulfate attack 
on a lime stabilized soil. The soil samples were taken from borings made at 
several different locations in a road construction project. The project was 
located in the southern United States and the borings were made after local- 
ized heaving was reported to the consulting engineers (approximately eight 
months after the project was completed). The consulting engineers ruled out 


the possibility of freeze-thaw heaving. 


Ettringite Reaction 





Figure la shows a X-ray diffraction (XRD) trace of the virgin soil (i.e., 
not treated with lime). Figure lb shows the XRD trace of a soil taken from a 
borehole in a zone that was stabilized with quick lime (CaO) and showed no 
measurable heaving. Figure lc shows a soil sample that was taken from a bore- 
hole located in a zone that was treated with CaO and showed severe heaving. 
All XRD traces were made using a Siemens D 500 diffractometer with copper Ky, 
radiation. The diffractometer is equipped with a graphite monochromator. 


The obvious difference between the virgin soil (Figure la) and the treat- 
s (Figures lb,c) is the presence of gypsum in the latter. The consult- 


ed soil 

ing engineer acknowledged that gypsum rock was present in portions of tl 
struction project. The gypsum rock was probably inadvertently pulverized and 
incorporated into the subgrade during the mixing phase of the project. The 
sample taken from the heaving zone (see Figure lc) also shows that a consid- 
erable amount of ettringite had formed. A sample taken from the zone that 

did not experience heaving (see Figure 1b) may also show the presence of 
ettringite but if it is present then it is in much smaller quantities. Appar- 
ently, the formation of ettringite in the highly compacted subbase caused the 
heaving because no expanding clay minerals were evident in the diffraction 
traces. A point of major concern to the owner of the project would be how to 
attempt to eliminate further heaving without having to tear up the pavement 
and then remove and/or restabilize the subbase soil. Any attempt to restabi- 
lize the existing subgrade with lime or Type I portland cement would be very 
questionable since the soil still contains large quantities of gypsum. Actu- 
ally, due to the current lack of knowledge of the mechanism of this type of 
chemical attack in soils it is impossible to predict how much (if any) future 


e . Ccon= 


expansion may take place. 





LIME, GYPSUM, INTERACTION, ST/ IZATION 
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™ gypsum 


— ettringite 
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14.00 
6.324 
THETA - 


Formation of ettringite in a 
(b) soil from zone showing no heaving; 


Other Possible Reactions 

One interesting aspect of equation 2 is the rate at which 
As mentioned earlier typically it is assumed that this reaction 
ly (measured in terms of days) so one may speculate on the 
that may occur in a quick lime-gypsum system before the clay 
reaction. If, for example, insufficient water was used 
then reaction 4 is thermodynamically possible since 


\ 


formation (AG99@) is -37 k-cal/reaction. Reaction 


3CaO + 2CaSO,.2H20 > 3Ca(OH)» + 2CaS04.%5 H90 


could then be followed by a subsequent reaction in which the 

irate would react with water from the environment to form 

Both of these reactions result in a positive volume change (i.e., expan 
gypsum and calcium hydroxide 


The end products of the reactions would be 
reacti 


(assuming total hydration occurs) and thus the pozzolanic 
possible and as described earlier it could be followed by the fx 


ettringite (see reaction 3). 

Reaction 4 is possible and it does occur in gypsum-quick lime mixtures 
reaction is quite slow and requires several 
shows the gypsum-|] mixture 


at 


stored at 55 + 5°C. However, the 
weeks for completion (see Figure 2). Figure 2a 
after one day at 55°C. Figure 2b shows the same mixture 
55°C; conversion from CaS0O4.2H 20 to CaSO, .”5 H29 is complete ‘he free water 
is readily used to convert CaO to Ca(OH)2. 


need not be considered further. 


Since the reaction is so slow it 


C fly ash may also create 


Stabilization of soils with Class 
containing calcium oxide, calcium sulfate (anhydrite), and trical 
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Gypsum 


CaSO, -'H,0 
CaSO, -4(H0) 
Ca(OH), 
































16.00 0. 24.00 28.00 32.00 36.00 
5.535 3.705 3.184 2.795 2.493 


THO - THETA d SPACING 
Hao o 02. 
psum-quick lime interaction: (a) 2.5:1 lime to gypsum mixture 
(b) same mixture after 18 days @ 55°C. 


after one day @ 55°C; 


aluminate since these three compounds are often found in Class C fly ashes. 
ly the major reaction that occurs in the 


ly ashes, whether or not this could 


The formation of ettringite is common 
early stages of hydration of Class C 
to detrimental future expansion in the presence of excess gypsum is 
not known. Also, the free lime present in some fly ashes does not 


LY 


lead 
presently 
appear to hydrate readily, an indication of some type of inactivity in the 
calcium lead to future problems (6). 

Summary and Conclusions 


been shown that sulfate attack can occur in stabi- 


In summé 
conditions are met. The sulfate attack 


lized soil bases if e proper which 
appears to result in the formation of ettringite may cause detrimental expan- 
sion in subbases that are compacted to high densities. Several other reac- 
tions were considered which may contribute to expansion in construction pro- 
jects wh quick lime and/or Class C fly ash are used for the stabilizing 
agent and a free source of gypsum is available. 
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ABSTRACT 
The relation between bending strength and X-ray diffraction 
intensity for pulp cement board composed of separated pulp 
from municipal solid waste was studied. Higher bending 
strength was observed for the boards with higher diffraction 
intensity of Ca(OH)o. Lower bending strength at the same 
diffraction intensity was observed for the boards from coarsely 
separated pulps than those from other pulps used. This differ- 
ence in bending strength was discussed in relation to the 
differences in the strength of pulp and the amount of fine 

fraction in pulp. 















Introduction 





Reclamation of municipal solid waste has successfully been promoted (1-3) 
in the demand for saving natural resources. Separated pulp, which should be re- 
clamated at high production rates in the future from municipal solid waste, de- 
mands establishing away to be utilized. At first, making paper from the pulp 
was tried. In the trial, paper with enough quality for toilet rol] was made (3) 
from the pulp, which was obtained after a fine separating process 









Utilization of the pulp as a raw material for pulp cement board should be 
promising, in that the requirement for brightness and strength of pulp is not as 
severe as for paper. This mild requirement would make it possible to utilize 
the pulp from a coarse separating process, which have a higher yield and lower 
costs than that from the fine separating process. 








In preceding papers (4,6), a survey for the preparation of pulp cement 
board was reported. In the survey it was clear that the mixture of raw mater- 
ials which contain coarse separated pulp, should be diluted to about 8% consis- 
tency and mixed more than 30 minutes to get the boards, which surpass the JIS 
level of bending strength; or the pulp should be treated with alkaline before 
the preparation procedure to attain a much higher strength. 










In this report the bending strength of the pulp cement board is investigated 
in relation to its X-ray diffraction property to get insight into the factors 
which affect the bending strength of the board, and to get a diagnostic criterion 
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for the formation of the pulp cement board. The criterion is necessary regard- 
ing the possible fluctuations of pulp properties from municipal solid waste. 


Experimental 


Materials 

A fresh bag of commercially available portland cement was used. Serpentine 
from Tanoura in Kumamoto prefecture in Japan was crushed to powder. The size 
distribution was measured by an image analyser Luzex 500 of NIRECO equipped with 
an optical microscope. Maximum size distribution was observed at 3-4 um for the 
serpentine. Above 95% of the particles were of diameters below 20 um. 


Two kinds of separated pulps were used. One, which was named R.P., was 
Sampled after a rough separation process from municipal solid waste, and the 
other, named B.P., was Sampled in the bleaching process, which is situated before 
the fine separation process in the pilot plant of "Star dust 80" for reclamation 
of resources from municipal solid waste. Pulp from filter paper (F.P.) and ther- 
momechanical pulp of red pine (T.P.) were used for comparison. The asbestos 


used was commercially available crysotile M-6-40. 


A composition of raw materials after JIS A-5414 for pulp cement board was 
used. Various mixing conditions and diluting conditions of the mixture were em- 
ployed to control the formation of the board (4). The mixture was sucked into 
the forming machine on a filter, and pressed between copper nets of 80 meshes 
per sq. inch to get boards with a bulk density of 1.0 to 0.3 g/cmé and a thick- 
ness of 6.3 mm. The board was cured in a polyethylene film for a determined 
period. All the procedures above were carried out at a room temperature of 25°C. 
After the curing the board was dried in an oven for 2 hours at 60°C and after 
that for 22 hours at 105°C. 


Measurement 

Bending strength was measured by a strain meter of Toyo Boldwin Tensilon 
UTM-4LH. The span for the test piece was 10 cm and the width 5 cm. Other con- 
ditions were selected after JIS K-6911. The zero span strength of the pulp 
Sheets was measured by the strain meter equipped with parts after TAPPI 231-sm- 
58. X-ray powder diffraction pattern of the boards and raw materials were 
measured with a rigakudenki X-ray diffractometer RAD-II at 40 kV and 30 mA for 
Cu target with a graphite monochrometer. Slits were 1°-1°--0.15 mm with step 
width 0.02° and preset time 1 s/step. Zeta potentials of pulps and cement were 
measured with a streaming potentiometer Shimazu ZP-10B. A screening test of the 
pulp was made after JIS P-8207. 


Results and Discussion 


One of the typical X-ray diffraction patterns of the pulp cement boards 
formed from the separated pulps is shown in Figure 1. Those peaks at 28 = 12.2° 
and 24.6° were assigned to serpentine, and those peaks at 32.2° and 32.6° are 
both common to belite and alite of unhydrated cement components. Those peaks at 
34.4° and 18.06° are assigned to Ca(0H)9, which resulted from the hydration re- 
action (5) of cement. Intensity of peaks for alite and belite decreased sub- 
stantially during the starring process of the cement, which occurred immediately 
after mixing with water, and a slow decrease of the peak height followed during 
the hardening process for more than three weeks. For most of the boards the 
peak height for alite and belite approached to some values in a narrow range of 
variation as shown in Fig. 2. On the other hand the peak height of Ca(OH). at 
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FIG. 1 26 = 18.06°, which was not ob- 
Characteristic X-ray patterns. served until 6 hours after mixing 
A: Pulp cement board with water, increased during the 
B: Portland cement curing preparation conditions. 
C: Serpentine Plots of X-ray diffraction inten- 
Sity at 26 = 18.06°, which was the 
Strongest diffraction for Ca(OH)» in the cement board, and the bending strength 
of the board vs. the curing period are shown in Fig. 3. From the plots it is 
known that diffraction by Ca(OH)o is first observed after one day of curing with 
the board from B.P., whereas in the case of R.P. the diffraction peak was not 
observed until 2 days after mixing. Also, the diffraction intensity after 3 
weeks was higher for boards from B.P. than from R.P. It was also noticed that 
an increase in bending strength of the boards was observed at the time of cur- 
ing period, when the diffraction intensity of Ca(OH)? increased. These facts 
Show that hardening of cement in the board is closely related to crystallization 
of Ca(OH), and the inhibition of the hardening reaction of cement is observed 
with the use of R.P. Accordingly, the bending strength of the boards from R.P. 
is lower than that from B.P. This consideration leads to the idea of taking 
diffraction intensity at 26 = 18.06° as a diagnostic criterion, by which it 
should be possible to expect the manifestation of bending strength at the early 
Stage of curing. Bending strength of the board is plotted in Fig. 4 against 
diffraction intensity at 26 = 18.06° for all kinds of pulp used. The results 
show that higher bending strength was observed for the boards with higher dif- 
fraction intensity. This shows that hardening of cement in the board is one of 
the most important factors which affect the bending strength. 





Existence of other factors which dominate the bending strength of the 
boards, could be inferred by comparing the bending strength at the same diffrac- 
tion intensity of Ca(OH)9. The plots of bending strength vs. diffraction inten- 
sity for the boards from F.P., T.P., B.P., and R.P. are shown in Figs. 5 and 6. 
From the plots it is known that bending strength at a diffraction intensity of 
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Ca(OH)» for the boards from R.P. is a little lower than that from F.P. and T.P., 


whereas that from B.P. is not. 


These facts suggest the existence of another in- 


fluencing factor, which give lower strength for the boards from R.P. 


Deduction of the influencing factor 
test of the board. 
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Diffraction intensity of Ca(0H)2 
and bending strength of the board. 
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was made from the result of the tensile 


Different stress-strain curves were obtained (see Fig. 7) 


for boards with low and high strength. 

A slow decrease in stress was observed 
after the yield point for the boards 
with low strength, whereas a sudden de- 
crease was observed for the boards with 
high strength board. In accordance 
with this result, the broken face of 
the test piece showed a fracture of the 
cement and pluck out of pulp for the 
boards with low strength, and cut off 
the pulp for the boards with high 
strength as shown in Fig. 8. These 
features of fracture suggest that ten- 
Sile strength of the pulp is the second 
factor for the boards with high strength, 
whereas for the boards with low strength 
the second factor can be that which 
affect the ease of plucking out, namely 
the fine fraction of pulp, because too 
short a pulp can not be expected to re- 
sist against plucking out, or the ad- 
hesive property between pulp and cement. 


The second factor to be discussed 
as a measure of tensile strength of 
pulp, is the zero span breaking length 
of the sheet form from the pulp, be- 
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cause the situation of pulling in regard 
to the contribution by fiber strength and 
fine fraction of pulp is similar to ten- 
sile test of the pulp cement board. The 
result of the zero span breaking length 
test is given in Table 1. The result, in 
order of strength F.P. > B.P. > R.P. 
agrees with that of the board at the high 
diffraction intensity region of Ca(OH). 


The factor at the low strength region 
could be discussed by taking as a measure 
of strength against plucking out the fine 
fraction (150 meshes pass) of pulp, and as 
a measure of adhesive property the zeta 
potential of pulp and cement. The results 
biven in Table 2 show that fines content 
of pulps are in reverse order to that of 
bending strength and that the order cf 
zeta potential is not in a simple relation 
with that of strength. This result sug- 
gests that fines content of pulp is re- 
lated to the strength of the board at low 
strength region. 
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FIG. 7 
Tensile test of the board. 


A: Curing 2h, strength 49 Kg.cm~2 


B: Curing 7d, strength 196 Kg.cm=¢ 
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Fractured section of the boards prepared from B.P. 
Curing 2h, strength 49 Kg.cm72 


eee zy . 29 
Curing 7d, strength 196 Kg.cm * 


Conclusion 

The most important factor which affects the bending strength of the pulp 
cement board composed of selected pulp from municipal solid waste, is the ex- 
tent of hardening of cement 1" the board. 

X-ray diffraction intensity of the board for Ca(OH)» was shown to relate 
closely to the extent of hardening of cement, and it can be used as a rough cri- 
terion for the formation of bending strength of the board at the early stage of 
curing. 

The second factor deduced was 
strength of sheet, especially in th 


the strength of pulp determined by zero span 
e high strength region of the board. 


] Table 2 
Zero span br length of sheet Fine fracture and zeta potential of pulp 


Zero span Coefficient 
breaking of | 
variation (%) | Pt (4) potential (mV) 


-8.5 
-21.1 
-4.9 
Pes 
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ITI - ELASTIC MODULUS 
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Laboratoire de Génie Civil 
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(Communicated by M. Regourd) 
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This paper is the last one of a series of three (1)(2). It proves 
that the difference in the evolution : 57 
Rand of the elastic modulus E is just apparent. Indeed, on 
hdnd the micro-structure model de veloped regarding R_ evolution 
1 


to account for E evolution, its validity is thus stréngtrened @) 
[ 1 r r Nn 
Other hand R_ and E both obey laws n= fe" 
C C O 


and t 


~ At 
and A 


We show that this dual behaviour is due to the fact 
much more sensitive than R. and A_ to the hardening 
tion degree. This allows us to forsee the possibility of selec 
altering of E and R.. 


Introduc 


elastic modulus E and the compressive 
evoluate differently (see figures 
The physical model of > micro-structure proposed it > first paper 
series (1) and confirmed 1 the second ? ) 
evolution of the ssive strength 
different evolutior 
be definitively proved 
This will be done by showing that, on the contrary 


elastic modulus obeys the law E = 


as the strength law R_ ‘ 
, C ) 


respective evolutions of E and R. will be explained. 


The notations of these above formulas are the ones of the previous 
(1)(2) of this series or are directly transposed from them, we 
briefly remind them. 
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USA. 


are 


the hydra- 


tive 
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respectively compressive strength and elastic modulus 


- n : capillary porosity = 1 - KI, K being the swejiling of the hydrated grains 
associated with hydration and I being a coefficient characterizing the ini- 
tial cement-water ratio of the paste. 

- A and A' : coefficient characterizing the nature and quality of the 
contacts between grains participating in, respectivley, the strength R. and 
the mo 9dulus E. 


- R. and E. : respectively the compressive strength and the elastic modulus 
rs. theoretical, zero capillary porosity paste. As R. is roughly constant, 
E._ varies in a wide range (3), from the modulus E_ of fhe aonyanous part of 
hydrated grain to the modulus Eq of the hydrated part, so called gel, 
E The higher is the hydration degree, the lower is Ee 


“7 


paper is based on the use of the results of two different series of 
On one hand on the series of tests dealt with in the first paper 
] 2) giving the values of R_ and E. These were measured simul 
comparison of their evSlution is pertinent. On the other 
lt with in the second paper (2) giving the value of the 
versus T and the hydration time (figure 3). 


two series of tests having been performed on pastes of the same cement 
molded and cured in the same conditions, we admitted that the hydration de- 
grees measured in the second series were a good approximation of what 
were in the dts series. The hydration degrees so accounted for allow 
calculate the rresponding values K of the swelling. That for, we use 
relatic (| in which Pe actual swelling of the nydrated 


I ] 
ter, is cC At” on as the dening time exceeds a few days (with the 


Discussion 


_ 


ifference between the evolutions of R. and E is that the 

into two groups of separate behaviour (1), manifest o 

and Log R. = f{ is invisible on the graphs E = f 
(figures 1 and 2 


D 


cs ¢ 
o 


WM 


of es hardened for an infinite time was dealt with in a previous 
(3). We showed that the modulus E of the anhydrous part of hydrated 
grains is much higher than the sc pall eg of gel ; hence the modulus E. of 


the nydrated grain increases tion degree decreases 


> I'» have a consta capillary porosity, equal to zero. 

constant but, increasing, their hydration degree decrease 

E. increases. This 1S consistent with the noticed increase 

U ni 
E and the proposed law E = E, e "On another hand, after infinite harde- 
ning time, the nature and efficiency of the contacts from grains to grains 
being expected constant and characterized by the minimum values of A and A’, 
this increase of E must be attributed only to the variation of E The measu- 
red values of E_. and Eq show that this is possible. The value Pave E is linked 
to E. et E by a relation of the following type : ~ 


“0 


and ve, being the respective volumes of anhydrous material and of ael. 


J 
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a - compressive strength R 
cement-water contents 


| 


0.35 ).40 0.45 0.50 








a - elastic modulus E verus cement-water t dul E versus cement-water 
contents 


hardening times : * 7days 


Compared evolutions of R. and E, finite hardening times 
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0.45 0.50 


compressive strength R_ and elastic modulus E hydration degree m versus cement-water 


versus cement-water contents I. contents T. 


FIG.2 FIG.3 
Compared evolutions of R. and EE, Hydration degrees accounted for 
infinite hardening ti 


For an initial anhydrous volume = 1 it follows Va = 1 - m, Vg = m.Kg and at 
last Eo =[(1 - m) Ea + mKg Eg]/{m (Kg - 1) + 1] 


The case of pastes nardened for finite times is more complex, E. and A' vary 
together .We will isolate the relative incidence of the variations of EY and 
A' upon the value of E and prove the pertinence of the law 


F=E Vai and of the model of the micro-structure derived from the compres- 


uc 


Sive strength study. 


Value of E at the boundary between the first and the second group 





This boundary is invisible on the graphs E = f(T) and Log E = f(I), for each 
hardening time considered the corresponding value rp(t) of f is read on the 


graphs R_ = f(I)(figure 1), (1). Besides, the curves m= f(I) of the figure 
3 show “that the corresponding hydration degree increases from ~ 65% at 
7 days to 83% at 56 days. With that it must be associated a noticeable 
decrease of ” which must at its turn have effects on the value of E ; for 


the infinite hardening time, the hydration degree varying from 72% to 90 


(as IT decreases from 0,55 to 0, 49) and at constant porosity (n = 0), the modu- 


lus E decreases from 31.103 MPa to ~ 23.103 MPa (figure 2). 
This boundary between the first and the second group corresponds to a unique 


value n- of the capillary porosity. If the variation law expected for E is 
pertinent, the corresponding value is Ee = EL e ‘Ne ; at constant porosity 


(n = n_-) the decrease of EY as hardening time increases must lead to a noti- 
ceable decrease of E. 
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On the figures 1 and 2 one notes that it is not the case. For the considered 
hardening times Ee is roughly constant. 

This can be explained by a large variation of A' compensating the effects of 
E_ variation. Indeed the curves Log E = f(I') of figure 2 show that the pro- 
duct A'K decreases as the hardening time increases. 


Hence, aS considering the strength R_ one can write AK = Ct = J, considering 
the modulus E the product A'K is no “longer constant ; the hardening time: 
increasing, A' decreases drastically, at a much higher rate than K increases. 
That may explain the apparent steadiness of E. 


Curves Log E = f(KI) (figure 4) 

The proposed variation law can be written as well Log E = (Log E,-A') +A! (KP). 
The separation into the first and the second groups then is clearly visible, 
but, on the other hand these curves are not arranged in accordance with the 
increasing hardening times. 





In the first group 


These curves are straight lines. This implies that, for each hardening time 
considered, A' and E. are constant, they can be labelled A'(t) and EAI ‘7 
According to our previous study of the strength R._, we know that, in the 
first group and for each hardening time the naturé and efficiency of the 
contacts from grains to grains is constant, hence A and A' = Ct, as well as 
the hydration degree m is constant and, extrapolating the results obtained 


for infinite hardening time we note that Eg ~ (1-m) Ea + m Kg Eg = ct. the fact 
m (Kg-1) + ] 

that these last conclusions are consistent with the experimental results im- 

plies that, on one hand the lawE =E e“A'n is applicable to the first group 

pastes, on the other hand, for a given cement and for the hardening times 

considered here, E. varies only with the hydration degree. 





The variation law being applicable, these straight curves are such as their 
Slope is A'(t) and their ordonate at the absciss K” = 1 is Eg(t). These values 
so read confirm that A'(t) and E,(t) decrease stronaly when hardening time 
increases. 

In the second group 

The curves show a strong concavity turned towards the positive values of E. 
For eacn hardening time, the hydration degree decreasing as I increases 
(figure 3), E. and consequently E increase. This, nevertheless is not enough 
to state that in the second group the noticed evolution of E is due only to 
the variation of E_. Concurrently A' may vary as well and have a noticeable 
influence. . 

Curves Log E corrected = f(KI) (figure 5) 


E is fictitious, it represents what the elastic modulus would be 
‘corrected ; yd j 
if EG was constant. By this artifice the curves Log Cnngekbae are turned 


unconnected with the variations of EO they are then much appropriate to show 
the variations of A’. 


To draw these curves we chose E E of 100% hydrated pastes, i.e. 
n 


E. = (t = €£E,. For a given valueo 
according t8 the oo E 
, -A'n g ee ee F : 
en me ie Ee = E.-. Lacking more precise information the calcula 
tion of ED was based on the?relation proposed for infinite hardening time and 


d consequently of n, one can write, 
N and according to its definition 
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flog ¢ corrected 








riGed 


E versus KI Loa of corrected elastic modulus versus K 


equals 1 - capillary porosity). 


ssociated values of E. and E_ : te 0.102 MPa and EY 21.103MPa 


tes that the curves f(KI), built as explained above, are 


Ee 
corrected 
perfectly arranged according to the increasing hardening times. 
In the first group 
curves are straigth lines, the continuation of which being nearly concur- 
at the absciss KI 1. This confirms with no doubt the validity of the 
Co a 


evolution law E = E eee “associated with the fact that, for 


el 
a given cement, E_ varies only witn the hydration degree m. The good arrange- 
ment of the curves is a consequence of both that fact and the already confir- 


crease of E is no longer visible. Therefore the variation of E 
degree 1s the main cause of the sharp curvature of the curves 
in the second group. The large uncertainty affecting the values 


Fei hina sii due to the incertainties effecting the value of m, the cha- 


racteristics of the actual relation E. = f(E_, E g) and the values of E, and EG 


does not allow us to enter into furan detatis 


a 



























Vol. 14, No. 4 
MICROSTRUCTURE, MODEL, ELASTIC MODULUS, CEMENT PASTES 


Conclusion 


The model proposed for the micro-structure of APC pastes allows to account 
for the much different evolutions of their compressive strength and of their 
elastic modulus ,it is definitively confirmed. AS generally accredited for other 
porous materials the elastic modulus and the compressive strength of pastes 
obey evolution laws of the same type. They are respectively written 
c-t2"" eae ate. 

0 C O 
Here finishes the analogy. As R + iS EG Sharply decreases when the hydration 


degree increases. Although A and A', characterizing the nature and the effi- 
ciency of contacts from grains to grains, both decrease when hardening time 
increases, A varies very little and can often be considered as steady, the 
large variation of A' has a major influence upon the evolution of E. 


That has an important incidence on practice. Comparing two pastes of the same 
capillary porosity, they have compressive strengths of the same order of 
magnitude, on the contrary their elastic moduli have no reason to be alike. 
This is clearly illustrated on the graphs Log E = f(KI) of figure 4, the pas- 
tes of equal capillary porosity being characterized by an equal value of K 
The converse is still more important. Two pastes showing equal values of mo- 
dulus E have no reason to have strengths of the same magnitude. 





Consequently, in the case of hardened Portland cement pastes, any indirect 
measurement, through the measure of the elastic modulus or through a measure 
depending on the value of the elastic modulus, intending to give an informa- 
tion about the strength R. or only its evolution is reliable only in a 
strictly bounded field, often quite narrow. The evolution of E reflects that 
of R. only when E_ and A' remain constant, i.e. in the case of the first group 
pas tés for a giver hardening time and a given curing mode. 









This study shows as well that the elastic modulus is much more sensitive than 
the compressive strength to the hydration degree and the nature of contacts 

from grains to grains. This allows us to foresee the possibility of a selec- 
tive altering of E and R_, in order to improve the mechanical response of the 
paste in the desired way. 
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=S INTO HARDENED CEMENT PASTES 
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The Hatfield Polytechnic, Hatfield, Herts, U K 


(Communicated by C.D. Pomeroy) 
(Received Sept. 19, 1983) 


loride ions into hardened cement pastes (hcp) 

2asured by chemical analysis, X Ray diffraction and thermal 
The penetration of chloride depends on the permeability; 

tio the greater is the penetration. 

in the hcp is dependent on the 

1ding solution. 
the anhydrous tricalcium aluminate in 
the hcp but not with the complex 

salts including ettringite. 
no-chloroaluminate hydrate is formed, but not all the 

reacts to form this mineral. The quantity 
independent of the chloride concentration 


il 


which penetrates 
luminate formed is 


distribution of the hcp by werd: 


deduced that the penetrating chloride 
pores thus reducing ie panties. 


Introduction 





speech report to the Paris Congress on the Chemistry 
ity of concrete discussed the attack by chlorides 
ally added calcium chloride or sodium chloride as 
cota that the action of concentrated chloride 
physical structure of the hardened cement paste (hcp) 
orable water contents by osmotic pressure action with 
in strength, and additionally by a chemical change 
monochloroaluminate hydrate CAA CaC1.10H.,0 is formed. 


reported that the attack of chlorides proceeds by ionic 
it follows Fick's diffusion law, and that it is independent 
concentration. 
and Vennesland (3) showed that for ordinary Portland cements time is 
verning factor for the chloride penetration although the w/c ratio also 
surface layer penetration 
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Ushiyama et al and Page et al (4,5,6) determined the relative diffusion 
coefficients of sodium, potassium, lithium and chloride ions through hcp and 
found that the diffusion coefficient of chloride anions is much 
the values for the cations, indicating the electropositive character of the 
hep when considered as a semipermeable membrane. 








Richartz (7) reported that during the hydration of Portland cement 
presence of chlorides ettringite is always formed first, until all the y 1 


is used up, then the calcium monochloroaluminate hydrate is formed; 
ettringite is the more stable phase. 


Regourd et al (8) found that when chloride ions penetrate hcp the initially 
fibrous C-S-H is changed to a reticulated morphology. 


Verbeck (9) found a considerable difference in behaviour of different cement 
pastes when exposed to sea water attack. He found that for reinforced 
concrete specimens subjected to long term tests in sea water, an increase in 
the C.A content reduced the level of cracking observed. He also found that 
sulphate resisting Portland cements with C.A contents between 2 and 5% are 
times as vulnerable to cracking due to steel rusting as cements with 8 

CiA. 


‘and £ 
ture of 


No detailed study has been reported on the changes in the 
hep produced as a result of sodium chloride penetration. 





lie investigates the rate of penetration of chloride ions, the effects on 
14 minerals and on the micropore structure. 


Experimental 








Samples of hardened cement pastes (hcp) were made using a cement of potential 
compound compositjon c.,8 64, CS 13, CA 6.8, CAF 7.3, Caso, 3.6% and a 
fineness of 348 m°/kg.~ Water:cement ratios (w/c) of 0.23, 0.47 ; 

were used; the cement and distilled water were weighed and hand mixed before 
rotating in a glass pot for times of between 2 hours for the specimens of 

w/c 0.23 to 6 hours for the specimens of w/c 0.71. When the samples were 









homogenised they were introduced into plastic tubes 23 liameter by T 
g& 
high. The tubes were then rotated at about 1 rev. per sec. for a further 24 
eh, aa a , 1 
hours at a temperature of 21- 1 C, then demoulded and stored for 1 month in 
+ O 
S 





a saturated solution of Ca(OH), also kept at 21- 1 
c 






After this initial conditioning the cylinders were removed from the Ca(OH) 
storage and forced into undersized rubber tubes of 20 mm diameter; 











rubber. The free end was lightly ground to remove calcium hydroxide bloom. 
Three cylinders of the hcp of each w/c ratio were placed 
following conditions, all at 21-1°C: (i) a fresh solution of Ca(OH) 
designated W; (ii) a solution of sodium chloride cont 
equivalent to sea water concentration, designated S; and (iii) a solutior 

containing 150g/litre NaCl designated 5S. These solutions were replenished 
at 6 months. 






atni Stee (ic teas Meee 
ailning Jg/iitre Navl, 








At 6 months and 1 year one of the appropriate cylinders was remo 
storage, demoulded and split into five approximately equal mini 
each 14mm high designated 1 to 5, top to bottom. At 6 months 
precautions against carbonation were taken, at 1 year all the handling took 
place in a CO, free glove box. 







The thermal analyses were carried out on a Stanton-Redcroft Derivative 
Thermogravimetric Analyser (TG750). About 20mg of the ground hcp was used 
as the sample. Two techniques were used, firstly normal DTG heating at 
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¢ and secondly semi-isothermal DTG (10) where on 
imum the heating was switched from programmed heating 
hermal and held there until the derivative trace had 
The presence of calcium hydroxide, calcium 
),12H.O and CAH. were detected by the 
ible the apparatus was calibrated by 
quantitative estimates of those 
assumed that they are present in the pure form and that 
>corded on the T.G. is that which is present as water of 
] in the empirical formula. No specific 
were found but the order in which the 
and carbonated species), C,A.CaSO,12H,0, 


or the determination of the quantity of 
tage ecm Be estimate has been 
for synthetic C-S-H and natural 
atta weight loss due to adsorbed 
gradual weight loss up to 1000 C. This 
Taylor (11). 


calcium hydrosilicate in the hcp 


EO 


90°C, after accounting for the 
Isorbed and capillary wa ater Riper daa 


1eC 
Pn 
idl 


om a composition at. 
1accuracies is the best gksieie wed tales 
samples with some degree of reliability. 


] 


‘dry weight' were all determined 
and the total weight loss at 
btained on a photographic film 
pha radiation generated at 40Kv 
asured from densitometric traces 


used, with calcium hydroxide from the 
yoann read of hcp with added 
- CaCl,12H.0 were used with 


3 


content was by means of Quantab (TM) 
te weight of the ground hcp (0.5 to 1g) 
the solution neutralised with anhydrous 
then tested for chloride content. 
i -007¢g 
ith the calibration tables supplied by 
The experimental variability was 
ination eight times with the solution of 
his estimate gave an average result of 
of 0.0012 giving a coefficient 


° 7 ° ° T os 
quantity of chloride found is given to —- 0.06 ,» well 
experimental variability. 


KR pore radii were 
mercury intrusion p Sim arlo Erba Series 200). 
ere predried in vacuum : 


pore size distributions inthe range 75 ) 50 4O 
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The pore radii were calculated from the Washburn equation r 
where r is equivalent radius in R, P is pressure in Kg/cm , 
angle for mgrcury, here taken as 140° (see (14)), and ¥ the 
of 0.48N/mm”. Using these values for 9 and ¥ the relat 
reduces to r = 75,000/P. 


To plot the pore size distribution, differences in 
weight (dv/g) were determined for equal differences of 
Kd Ine). 


The small pores were measured using nitrogen adsorption 
isotherms obtained from a Carlo-Erba Sorptomatic 2006 
specimens were dried in a similar manner to that used 
porosimetry. 


The pore size distribution was obtained from the desorption branch of 


isotherm using the relationships 


R = (R 
p k* 


log P/Po 


and P/Po = desorption relative pressure, R, = apparent pore 
4 


° ° ‘ Kw r 
thickness of multimolecular layer of nitrogen proportional 


Mineralogy 


The quantities of calcium hydrosilicate and calcium hydroxide varied 1 
with chloride penetration but did vary with w/c ratio and age 

Table 1 gives a summary of the results. Calcium carbona 

at 6 months no protection against CO, was provided while 


samples were handled in a CO, free environment. 


The dry weight % of the complex calcium aluminate hydrate salt 
2 


ettringite or the chloroaluminate salt are given in Table 2, from which 


the 


may be seen that the penetration of chloride has no effect on 
of those compounds. The average standard deviation of the de 


The results of the determination of ettringite are given in 


solution has no effect 


quantity of ettringite present. 


The quantities of the monochloroaluminate hydrate C_A.CaCl_.12H.0 formed 
storage in sodium chloride solution are given in Fig 2 would be 


TABLE 1 


(OF 


Average dry weight % of calcium hydrosilicate, Ca(OH), and CaCO. 
i dads t w/c ratio at 6m and 1; for specimens stored in water, top 
fe) ifferen 5 y; I 


w/c age calcium hydrosilicate Ca(OH), 


ORE 6m 26.7 
0.71 ly 39.4 
OF47 6m 29.8 
0.47 ly Cina’ 
Ciees 6m 2h s 
Os2s ly 26.6 





wy 
+ 
mn 
=] 
= 
4— 
= 
uw 
° 
* 
= 
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TABLE 2 
ry weight percentage of calcium aluminate hydrates in hcp wt % of mineral 
for specimens with w/c ratios 0.71, 0.47 stored in water, " sea water" 


times sea water", top 14 mm 


CoAH. 


M PM PW Po 


mw 


,W 


| 


W/C 0-71 WIC 0°47 WIC 0°23 














uo = “TH 8 9 8 21 35 49 63 
—= depthin mm 











x 1 year 
@ 6 months 


various w/c ratios at different 
exposed to sodium chloride solutions. 


expected the quantity of the chloroaluminate decreases with depth of 
penetration of the chloride ions. It is also seen that as the permeability 
with increasing w/c ratio more chloroaluminate is formed. 
concentration of the solution in contact with the hcp has little 
nn the quantity of chloroaluminate formed. From this it is 
tl the governing factors in chloroaluminate formation are the 
mposition of the cement used and its physical structure. 
e water content i.e. the wt per cent loss at less than 105°C 


termined for the specimens stored for 1 year and are given in 


it 























Vol. 14, No. 4 
CHLORIDES, CONCENTRATION, PENETRATION, PASTES, PERMEABILITY, W/C 


551 
















































TABLE 3 
Evaporable water content of hcp specimens at 1 year for specimens w/c 0.23, 
0.47 and 0.71, stored in water, "sea water" and "5 times sea water'', top, 14mm 
Mark Average wt loss 
0.23/W 9.94 
Os23/S 1764 
0.23/58 10.09 
0.47/W 2eiee 
0.47/58 22.44 
0.47/5S 21.88 
0.71/W 36.45 
O-7175 SaeeT 
0.71/58 35.0 
W/C 0-71 WIC 0°47 
10} 8 10 
x KL 
8 R~~ 7 & 
‘\ ] 
6 P 4 6 WIC 0-23 
e\ e wm | 
4 4 ba 4 5s 
° oe =z 150g/l 
2 2 x a NaCl 
Ps | a 
a 1 21 39 SY. 63 T 2 so 43 63 7 2 3 49 63 
* 
= 
s 2 
7 
So 10 
o 
6 oq 
= \ 
* | 30g/l 
‘ \ 4 NaCl 
“ 
\ ™ 
= x ~~ 
T 2 35 & 63 TO sa 8 63 
x 1 year 





——— depth of penetration mm 





@ 6months 






FIG 2 


Quantity of calcium monochloroaluminate in hcp of various w/c 
ratios at different depths of cylinder when exposed 
to sodium chloride solutions 









It can be seen that chloride penetration does not alter the evaporable water 
contents, in contradistinction to the effects observed by Calleja (1) when 
using chlorides in the mixing water. 






Chemical Analyses 









The analyses for total chloride in hcps are summarised in Fig 3. The 
penetration of total chloride is exponential with depth and the concentration 
may be represented by the equation C = kd_ , where d is distance (mm) into 
the cylinder, k a constant reflecting the depth of penetration and m the 
slope of the curve. 
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W/C 0-71 


‘6 


4 ‘ 
‘ 


6 months Ss 
150g/l 





2 2 x 
& aS NaCl 
35 49 63 = 5 — Sy 


Wt % chloride 


Ss 
30g /\ 
NaCl 


aaa ee Mie fire ry a 
1a s> 4 6 35 49 63 


——= depth of penetrationmm 


various depths 


for the specimens at 6m and 1 year. The average 


ient was 


a 


NN MW NI 


} 
J 


iINMNNMONMNND F&F 


}Q 


fusion coefficients, 1 5, may be calculated from the quantity of 
ions present at the distance of penetration and the relationship:- 


where D is the diffusion coefficient at the maximum concentration, x is 


= 
the distance (mm) from the boundary, and t is the time in seconds. dx is 
de 
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calculated from the tangent of the slope of the plot of chloride 
concentration v distance and 1 xdC from the area under the same curve. 
O 


TABLE 5 
, : aa 2 _ <8 
Diffusion coefficients (cm /sec x 10 ] 
for chloride ions into hcp 


Mark 6 months 1 year 
Os23/7S Oxt2 0.56 
0'..23/75S 0.38 0.65 
OF47/5 0.68 8 
047/755 Pele? apa 
O.71/S Zoo 2h 
Oe Bos Since eS 8 i 





* data unreliable due to breach of seal at bottom of specimen 












16 total 
chloride hep 0°71/exposed to 
12 NaCl solution 150g/| 
os) S at 6 months 
-" 7 combined 
4 FIG 4 ‘Ny chloride 










Quantities of total and com- 
bined chlorides for various 
depths in hcp w/c 0.71. 








Wt% chloride 


hep 0°71/exposed to 
NaCl solution 30g/I 
at 6 months 








~ 


e 
7 21 35 (49 63 
























Two types of chloride were found; (a) bound in the monochloroaluminate 
and (bo) free, given by the difference between the total chloride (Fig 3) 
and that calculated from the stoichometry of the chloroaluminate. It was 
found that there was always free chloride present, Fig 4. From these 
curves it can be seen that the quantities vary sympathetically indicating 


that the quantity of chloride reacting is concentration dependent. 

















Pore size distribution 








The pore size distributionsfor all the specimens of hcp were determined by 
mercury intrusion porosimetry; the results in the range 100 - 1000A pore 
radii are given in Figs 5 a,b,c and 6 a,b,c, for the top 14mm of the 
cylinders. 







As previously stated, the specimens used for mercury :intrusion porosimetry 

, : ts, ae : Rh: 
(mip) were prepared by drying in vacuum at 105 C. It is realised that this 
method may alter some of the pores but from the work reported earlier by 
the authors (14) it is considered that the method of drying has little or no 
effect on pores of radii greater than 1008. It is also realised that mip 
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FIG 5 


Pore size distribution in top 14 mm of cylinder 
after 6m curing in water w and sodium 
solutions (S and 5S) 
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*ical void but may measure 
however some allowance is made for this 


>t by the delay introduced automatically in the method of measuring the 


at any pressure. 
it is thought that the 


As differences are considéred here and not 
methods employed provide reliable data 


changes suggested resulting from the chloride penetration of 
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Mow bo 
P7007 
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1etry for three samples of hcp as shown in Fig 7. 
> a very large increase in the 20A pores with chloride penetration, 

the total porosity in this range changes only from 51.8 to 53.8m2/g. 
there is a considerable change in the surface area with pores of 20 


in the range 10 to 1000A were measured by nitrogen adsorption 


The results seem to 


pore radii there must be a compensating diminution of pores in the region 


) — 10008 radii; 


show such a change in this region. 


however mercury intrusion porosimetry, Fig 6(c) does not 
The authors have shown 


(14) that in this 


region the two methods give comparable results for specimens treated in the 
way reported here. It is therefore concluded that there must be another 


effect altering the pore distribution at 208 
adsorption technique. 


as found in the nitrogen 
It is suggested that something is interfering with the 


monolayer of nitrogen being formed and so with the interpretation of the 
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WIC 0-71 
FIG 6 1Year 


Pore size distribution in top 14 mm of cylinder 
of hcp after 1 year curing in water w and sodium 
chloride solutions (S and 5S) 


WIC 0:23 
1 year 
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1 year 
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desorption isotherm. It is already known that chloride ions are a 

on to the surface of C-S-H. Gregg and Sing (15) nave noted 

the chemical nature of the surface may influence the nitrogen isot 

since the nitrogen molecule contains an electrical quadrapole ghich 

with any changes in the surface conditions. The authors are of the 

that with the probable adsorption of free chloride on to the paste particle 

surface, the use of nitrogen adsorption for the measurement of surface area 

or pore size distribution is suspect; it has therefore not been used more 


POLLY. 


thot 


Discussion 
The mineralogical examinations of the hcp specimens show that the penetration 
of chloride ions does not affect the quantities of the complex calcium 
C,A.CaSO l2H.0 or ettringite. 
to form the’ monochloroaluminate 


aluminate salt hydrates CAAH, 35 CVA. CAH . 
However, chloride ions which Senetrate the Rep 
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FIG 7 
Pore size distribution by 
nitrogen desorption iso- 
therm for top 14 mm of hcp 
0.71 w/c after curing for 
1 year in water, and in 
sodium chloride solutions. 
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determination of calcium hydrosilicate in the hcp specimens 
evidence that storage in sodium chloride 
uantity although this difference may 


1 year. 


follows a power relationship 


concentration of chloride, d is distance into the hcp and k and m 
onstants depending on time and permeability of the paste. 
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The results clearly show that the amount of chloride ions penetrating is time 
dependent; at low w/c ratio (0.23) the concentration of total chloride ions 
at 1 year is independent of the concentration of the surrounding solution, 
although at 6 months the higher sodium chloride concentration produces a 
surface penetration twice that of the lower concentration. At w/c ratios of 
0.47 and 0.71 for both 6 months and 1 year storage the chloride content at 
the surface is for the higher sodium chloride con 
1% times that of the lower sodium chloride concentration 30g/1). 





centration 150¢/] rougniy 


The quantities of monochloroaluminate formed are independent of the 
concentration of the storage solutions. 


The conclusion from this data is that the total chloride penetration 
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dependent in time, concentration of chloric 
the permeability of the hcp (as shown by the w/c ratio of original paste). 





The amount of the calcium monochloroaluminate hydrate formed is dependent 
time and permeability but not on the concentration of the chloride in the 








storage solution. It follov ‘rom the mineralogical changes observed 
in the hcps it is the composition of the original cement, i.e. the C_A 


contents which govern the amount of monochloroaluminate formed. 


The investigations into the micropore distributions of the hcps, bearing in 


mind the limitations of the method of analysis, show that at the low w 





ratio (0.23) at 6 months storage in water there is a maximum in the frequency 
“a eo. 1 A 9 . . + . 7 
of occurrence of pore spaces of radii about 40 A; penetration of lori 





re ions reduce the pore maxima to about 270 and 250A. At one year all spec 









* of hcp both in water and sodium chloride solutions have a pore size maxima 
ate) or . mi . 1 . ° 
184 at about 270A pore radius. This leads to the conclusion that either the 
chlorides are reacting to form extra material such as CaCl, or the surface 






binding of chloride ions on to the C-S-H surface fill in the pores, or it is 
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affecting the rate of formation of C-S-H or its morphology to reduce the inter 
: ology to 1 he inter 








solid pores. From the mineralogical data no significant change in the quantity 






of the hydrates could be measured, so it is that the reduction in 
o0re size is due to the formation of calcium chloride on the surface of the 















At the higher w/c ratios the differences are similar but are not so clear; 
rtheless there is a reduction in the pore sizes associated with chloride 
penetration. 







The total porosity is less affected by chloride penetration but there is a 





slight reduction with the highest solution concentrations. However as 





Illston and Nyame (16) have shown, the permeability of hcp is not directly 






related to porosity but rather to a continuous pore radius and it follows 
that the permeability of hcps with be reduced as the chlorides penetrate, 






irrespective of the quantity of chloride bound in the calcium monochloro- 






aluminate hydrate. 














Chloride ions penetrate hcp, the w/c ratio the greater the 


distance of penetration. 








2. The concentration of chloride ions in the hcp is dependent on concentration 
of the surrounding solution. 







3. The chloride ions react with the anhydrous tricalcium aluminate in the 
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remaining unhydrated cement in the hcp but not wi the complex hydrated 
calcium aluminate salts (including ettringite) already formed in the hcp. 






4. The monochloroaluminate hydrate C.A.CaCl,12H,0 is formed, but not all the 


‘ ‘ >) fe 4 c P ‘ = : . 
chlorides so react. The quantity of monochloroaluminate hydrate is 
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ynncentrations and so must be dependent 
Lh 


unhydrated cement particles remaining in the 


used more C-S-H is produced 


the 


greater will e resistanc 
the presence of permeating 


will be left following 


presence of 


ermeability 
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ABSTRACT 
New polymerization techniques were applied in the production of PIC. 
In the first experiment, the polymerization was carried out in liquid 
medium, water or oil, containing active additives. In the second one, 
an addition of ethylene glycol dimethacrylate (EGDM) was applied in 
production of PIC by impregnation with methyl methacrylate. In both 
cases a high polymerization yields were achieved. Typical properties 
of the PIC obtained were investigated. The morphology of the PIC 
obtained with EGDM was characterized on the basis of electron micro- 
graphs. 


Introduction 


Polymer impregnated concrete is recognized as a superior construction 
material with higher durability and strength than plain concrete. PIC is much 
less permeable to water and is more resistant to freeze-thaw damage than plain 
concrete. PIC is made by impregnating dried concrete with a monomer - methyl] 
methacrylate containing benzoyl peroxide as an effective initiator and poly- 
merization by increasing the temperature of the monomer containing concrete. 
Methyl methacrylate is a volatile liquid which under the polymerization con- 
ditions tends to evaporate. In the papers published up to the present moment 
this phenomenon was prevented only by physical means (1,2). The impregnated 
details were covered with coatings of paints on coatings obtained from pre- 
polymer. Wrapping in aluminium and polyethylene foils and polymerization in 
a liquid medium were used. 


From the studies undertaken in the Institute of Chemical Technology, it 
appears that the best effects are obtained by connecting the physical method 
with the chemical one, which is based on inserting an additional, effective 
initiator or accelerator to the polymerization medium. The method accelerates 
polymerization in the layer close to the surface and in this way makes monomer 
loss from the impregnated concrete difficult. Methyl methacrylate is a monomer 
most freqeuntly used for PIC preparation. It is possible to link the linear 
polymeric chains through the use of crosslinking agents. Such agents are poly- 
functional molecules (3,4) which have more than one site available for polymer- 
ization reactions. Crosslinking increases the mechanical properties of the 
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polymer, increases its resistance to the action of aggressive media and in- 
creases its thermal stability. 

In this paper we present our results on PIC obtained by polymerization of 
methyl methacrylate (MM) containing di-functional cross-linking agent - ethyl- 
ene glycol dimethacryalte (EGDM) and benzoyl peroxide as initiator. EGDM (5,6) 
is very reactive and polymerizes with high thermal effect. Thus co-polymeri- 
zation can take place at lower temperature. We have studied its influence on 
MM polymerization route. It is shown in Figure 1. 


°c 














10 20 30 MIN 


Pi6. | 
Thermal route of MM polymerization in the presence of: 


1 1% benzoyl peroxide, 0.1% N,N-dimethylaniline; 

2 - 10% EGDM, 2% benzoyl peroxide, 0.4% N,N-dimethylani- 
line - initial temperature 10°C; 

3 - 10% EGDM, 2% benzoyl peroxide, 0.4% N.N-dimethylani- 
line - initial temperature 20°C; 

4 - 10% EGDM, 2% benzoyl peroxide, 0.4% N,N-dimethylani- 
line - initial temperature 30°C. 


Experimental 
Preparation of Specimens 
We have used samples in the form of cubes 10x10x10 cm (Table 1) or cylin- 
ders 8x8 xm (Table 2). The specimens were prepared from Portland cement "250" 
by water-to-cement ratio = 0.5. Before impregnation, the specimens were dried 
at 120°C to weight constant (ca 24 hours). 





Impregnation 
The specimens which were to be polymerized in medium with active additives 
were impregnated by submerging them in MM containing 1% benzoyl peroxide for 
24 hours. The specimens polymerized with EGDM were immersed for 24 hours in 
the bath consisting of 90 parts MM, 10 parts EGDM, and 2 parts benzoyl peroxide. 
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Polymerization 


In the first experiment, the polymerization was carried out as a two-step 
process. The impregnated specimens were heated for 6 hours at 60-90°C in poly- 
merization media. After that time polymerization was finished in the air at 
80-100°C in 18 hours. The following media of polymerization were used: 


W - water 

W2 - water containing 2% ammonium persulphate 

W3 - water containing 3% ammonium persulphate 

LT - oi] containing 0.1% N,N-dimethyl-p-toluidine 

LAT- 011 containing 0.4% N,N-dimethy] aniline and 0.4% N,N-dimethy1-p- 
toluidine 


In the second experiment, the polymerization was carried out in water or miner- 
al oil medium at temperature 75-80°C, during 1-3 hours. 


Results 
Table I 
Properties of PIC prepared in an active polymerization medium 
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W-water absorption; V-porosity; MM-methyl methacrylate absorption; 

med-polymerization medium (N-nonpolymerized); PMM-poly (methyl meth- 
acrylate) content; f-polymerization efficiency; Wp-water absorption 
of PIC; k-coefficient of water absorption decrease (k=W/Wp); P-com- 
pressive strength; PR-relative compressive strength (Pr-P/P 








nonpolymerized 
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Table II 


Properties of PIC prepared with addition of ethylene glycol dimethacrylate 





Polymerization 





med tech 








nonpolymerized * 


Properties 
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* density - 2.24 kg/1; porosity - 14.0 


MM-methy] methacrylate absorption; med-polymerization medium; w-water, 
ol-mineral 011; tech-time (h) and polymerization temperature (°C); 
PMM-poly(methy] methacrylate) content; Wp-water absorption of PIC; 
cond-testing conditions: n-moist cured 28 days at 20°C, H20-immersed in 
water (20°C) during 6 weeks, +/- -25 cycles of freezing (-20°C) and 
thawing (20°C, 24h) in water; P-compressive strength. 


Discussion 


The above results indicate that in both experiments high yields of polymer- 
ization were achieved, i.e. that the monomer loss was small. Insertion of amine 
or persulphate to the polymerization medium causes a characteristic distribution 


























FIG. 2 
Profile of PIC specimen. 


of the polymer in the specimens (Fig. 2), i.e. 
there is a core of non-polymerized concrete 
with a 2.0cm layer of PIC. The following mech- 
anism is possible. An application of amine or 
persulphate creates good conditions for the 
initiation of polymerization in the layer close 
to the specimen surface. The heat conveyed 

and the polymerization heat enlarges the pres- 
sure of methyl methacrylate vapors in the con- 
crete. However, the layer close to the surface 
which was earlier polymerized under the influ- 
ence of additives forms a barrier for the mono- 
mer and in the deeper layers, polymerization 
Occurs with maximal filling of voids and pores. 
It is reflected by the fact that the polymer is 
distributed in ca 85% of the specimen's volume. 
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Such distribution of polymer in the specimen manifests itself by an increase of 
compressive strength and significant decrease of water absorption in relation 
to non-polymerized specimens. - 


The addition of EGDM to impregnation of concrete with methyl methacrylate 
causes an increase of compressive strength of ca 30 MPa in relation to specimens 
impregnated with methyl methacrylate without additives. Water absorption was 
significantly decreased (to ca 0.5%). In consequence, its resistance to hydro- 
lize and freeze-thaw resistance increased. The samples of PIC subjected to 
freeze-thaw resistance examination posses only slightly diminished compressive 
strength. It is close to the value of compressive strength of PIC samples sea- 
soned in water. It indicates a good tightening of the concrete surface with 
polymer. It is revealed by electron micrographs (Fig. 3). On the fracture's 
picture near the surface of the sample where the most advantageous polymerizat- 
ion conditions occur, a smooth, cast coat on concrete grains is observed ("b"). 
On micrograph "c", it is seen how concrete grains coated with polymer stick to- 
gether. On micrograph "d", the layer of polymer appears as a brighter surround- 


rig. 3 


Electron micrographs of fractures: a - unimpregnated concrete; b,c,d - PIC 
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ing of the fracture of concrete grain. Observersation of micrographs indicates 
a good adhesion of a chosen polymer to concrete. 


Conclusions 
1. The insertion of active additives to liquid polymerization medium makes 


it possible to produce PIC showing big compaction of polymer in the layer close 
to the surface without using high-pressure polymerization. 


2. The application of methyl methacrylate crosslinked with ethylene glycol 


dimethacrylate to PIC significantly increases compressive strength, freeze-thaw 
durability and resistance to water attack simultaneously decreasing water absorp- 


tion. The used polymer shows high adhesion to concrete. 


3. Both of the polymerization techniques presented above guarantee high 


polymerization yield - small losses of monomers. 
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ABSTRACT 

A portland cement paste 23 years old, and essentially fully hydrated, 
was Studied by electron probe microanalysis. X-ray images indicated 
that the shapes of the original, largely polymineralic cement grains, 
and those of the regions occupied by the individual phases within 
them, are substantially preserved in the hydrated material. This was 
shown especially clearly by the Mg and Fe images, probably because 
these elements do not readily migrate in the alkaline medium. 
Estimation of individual phase compositions is rendered uncertain 
because of possible admixture of phases on or below a micrometer 
scale, but the atomic ratios relative to Ca are, approximately: Mg 
0.03, Al O.08, Si 0.60, S 0.03 and Fe 0.015 (Ca:Si 1.67) for the 
C-S-H, and Al 0.40, Si 0.33 and Fe 0.27 for the hydrogarnet. 


Introduction 


In a previous paper (1), we reported an electron probe microanalysis 
(EPMA) study of mature tricalcium silicate (C,S) and g-dicalcium silicate 
(C,S) pastes; the present paper describes an extension of this work to a 
mature portland cement paste. Several previous studies of cement pastes by 
EPMA or scanning electron microscope-energy dispersive X-ray (SEM-EDX) 
analysis (2,3) or analytical electron microscopy (4,5) have been reported. In 
the most recent EPMA study, Rayment and Majumdar (3) reported that, in young 
pastes, the calcium silicate hydrate (C-S-H) compositions vary as between 
inner and outer products, but that in pastes some years old, a _ single 
composition predominates. For these mature pastes, they reported Ca:Si ratios 
of 1.82 - 2.7, partly dependent on the ratio of water to solids (w:s), with 
minor contents of other elements. The ratios of (Ca + Mg) to (Si +Al+Fe + 
S) were less variable than those of Ca to Si, or other comparable ratios, and 
they concluded that Mg can replace Ca, and that Al, Fe and S can replace Si in 
the C-S-H structure. 


*Present Address: Department of Chemistry, University of Aberdeen, Old 
Aberdeen AB9 2UE, Scotland, UK 


565 





Vol. 14, No. 4 
H.F.W. Taylor and D.E. Newbury 


None of the previous investigations has provided any detailed information 
on the distribution of calcium hydroxide (CH) or of the hydrated aluminate 
and ferrite phases, and in the present work these aspects were investigated. 


Experimental 


The specimen (6) was a paste prepared fram a Type I portland cement at the 
Portland Cement Association Research and Development Laboratories (PCA 
designation C7OA-4525), and was 23 years old when examined. It had w:s = 0.45 
and had been stored moist at 25°C. The original cement (6; PCA designation 
LTS12) had a Blaine specific surface of 328 m*kg™! and chemical camposition 
(weight percent) SiO,, 21.4; Al,O;, 5.8; Fe,O3;, 2.4; Mn.O3;, O.11; TiO., 0.24; 
CaO, 63.6; MgO, 3.0, Na,O, 0.28; K,O, 0.40; SO,, 1.6; P,O,, 0.24; Insoluble 
Residue, O.11; Ignition Loss, 0.6 (Total 99.8); Free CaO O.1l. The Bogue 
composition was C3S, 45.0; C,S, 28.0; Ca,Al,0, (C3A), 12.6; Ca,AlFeO, (C,AF), 
7.3; CaSO,, 2.7. X-ray diffraction of the paste showed as the only clearly 
detectable phases CH, very poorly crystalline C-S-H, a hydrogarnet with a = 
1.24 nm, which is compatible with a composition near Ca,AlFeSiO, ,H,, and very 
weak indications of AFm ("aluminum iron mono") phases from peaks at 0.89 and 
O.77 nm. 


The most satisfactory method of specimen preparation was found to be 
cutting with a diamond micro saw followed directly by gentle polishing with 1 
um diamond paste on cloth, using xylene as lubricant’ throughout. The 
analytical techniques were as described in the previous paper (1). 





Results and Discussion 





X-Ray Area Scans 

X-ray area scans were obtained for Mg, Al, Si, S, Ca and Fe, in three 
separate areas. The resolution was relatively low in the first area studied, 
but much higher in the other two, because a better polishing technique had 
had been found. Fig. 1 gives results for one of these latter areas; those 
for the other were similar. 


Fig. la is the Mg image. The most interesting feature is the pattern of 
angular or rounded regions of low Mg content on a background of very low or 
zero Mg content. These regions are up to approximately 50 um in largest 
dimension, and their size and shape distributions suggest that they are 
relicts of the original cement grains. Within them, the Mg contents are 
distinctly variable. At one extreme, there are areas in which Mg is very low 
or absent, but which are surrounded by rims of higher Mg content. At the 
other extreme, there are areas of very high Mg content, as at MM. These 
latter areas are up to approximately 10 ym in size, and contain little or no 
Ca, Si, Fe, Ai or S. Subsequent spot analyses confirmed that they were 
either unreacted MgO or, less probably in view of their shapes, MgO that 
had hydrated to give Mg(OH).. 


The above interpretation of the Mg image is consistent with the fact that 
all the anhydrous clinker phases can contain this element, though in varying 
amounts ; because of its low solubility in the alkaline pore fluid, one would 
not expect Mg to migrate readily. The Mg image may thus be used to 
distinguish inner from outer hydrate for cement grains above a few um in size, 
even when, aS in the present case, there is no other way of doing this. 


The Ca image (Fig. 1b) is relatively uniform, but shows discontinuous 
regions of higher Ca content’ (e.g., at CC). These are fairly sharply 
defined, irregular in shape, and up to approximately 50 um in largest 
dimension. They occur largely or wholly in the outer product, and constitute 
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FIG. l 


(a) - (£): X-ray images. A light area denotes a high concentration of the 
specified element. (g): Locations of Traverses A-C. (a) - (g) are of the 
same area. (h): Secondary electron image of the area containing Traverse A. 
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20-25 percent of the total area. In general, the contents of the other 
elements are low in these regions, which are thus, largely at least, ones of 


calcium hydroxide. 


The Si image (Fig. lc) shows discontinuous regions low in Si on a 
background high in Si. Many of the low-Si regions (e.g., at S1S1) correspond 
to the regions described above as being of CH, MgO or Mg(OH),. ‘Those that 
are not tend to be in the inner product (e.g., at S2S2). The high-Si regions 
occur in inner and outer products alike, and no differences in Si content 
at the presumed boundaries of the original cement grains are detectable 
from the area scans. These high-Si regions are presumed to consist 
essentially of C-S-H. 


The Fe image (Fig. 1d) shows sharply defined, discontinuous regions 
relatively high in Fe (e.g., at FIFl and F2F2) on a background very low in 
Fe. The high-Fe regions are relatively low in Si and occur almost wholly in 
the inner product; the Fe, like the Mg, is of low solubility in the alkaline 
pore fluid, and would not be expected to migrate readily. 


The Al image (Fig. le) is less sharply differentiated. There are 
regions of higher and lower Al content, but their boundaries are samewhat 
diffuse. The regions high in Fe are, probably without exception, also high 
in Al, but the reverse is not true. The regions high in Al but not in Fe 
occur in both inner and outer products. The only regions in which Al is very 
low or absent are probably those described earlier as being of Ca(OH)», MgO or 
Mg(OH),. One would expect Al to migrate more easily than Fe in the alkaline 
medium, on account of its higher solubility. 


The results for Si, Fe and Al give a clear indication of the composite or 
polymineralic nature of at least many of the larger cement grains originally 
present. The area near the upper left hand corner, for instance, shows a 
matrix of material high in Fe and Al, which partially encloses regions high in 
Si (Fig. lc, S2S2). It is presumed that the regions high in Si are relicts of 
alite or belite crystals, and that those high in Al and Fe are relicts of the 
interstitial C,A or C,AF; the calcium silicates have been replaced by C-S-H, 
and the interstitial material largely by hydrated phases high in Al and Fe, 
shown later to be mainly hydrogarnet. The relict interstitial material is 
also frequently high in Mg. This element is known to occur preferentially in 
the interstitial material, either as periclase or as a substituent in the C,AF 
(7,8). Other relict cement grains show features similar to that just 
described; for instance, one near the lower left hand corner includes a 
pseudohexagonal feature that could be the relict of an alite crystal. Fig. lh 
shows a secondary electron image of this area at a higher magnification. On 
the other hand, the prominent grain to its right appears to consist mainly of 
hydrated phases high in Al and Fe (Fig.ld, F2F2), and is presumably the relict 
of a grain that consisted largely of interstitial material. 


The S image (Fig. 1f) shows relatively little differentiation, but there 
are regions of higher S content up to approximately 10 ym in largest dimension 
and others, somewhat larger, of very low S content. The regions high in S 
are largely or wholly in the outer product, and possibly tend to ring the 
edges of the relict cement grains. They tend to be of high Al content. A 
possible explanation is that, in the first hours of hydration, ettringite 
forms rapidly and deposits on the surfaces of the larger cement grains; the 
ettringite later decomposes, but the ions thus released tend to remain in 
place. The phase nature of these high-S regions was not established. 
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Spot Analyses 





In all, 275 spot analyses were made, in 6 traverses at 1 um intervals, 
one 2 um x 2 um grid scan and same additional points. Same of the regions 
analyzed were chosen to investigate particular features indicated by the X-ray 
area scans, and others in an attempt to obtain representative coverage. Of 
the 275 analyses, 22 lying in regions of MgO or Mg(OH), were excluded as 
non-representative; the remaining 253 were normalized to anhydrous oxide sums 
of unity, and mean weight fractions of each element were calculated. 
Comparison of the results thus obtained with the analysis of the original 
cement (6; Table 1) shows that the analyses are moderately representative of 
the entire material, though it appears that regions of calcium hydroxide are 
under- and those of phases high in Al and Fe over-represented. 


TABLE 1 


Comparison of Mean Weight Fractions of Elements < 
in the Paste with Those in the Original Cement 


Mg Al Si P S Ca Fe 
Paste* 0.018 0.043 O,ii3 0.001 0.010 0.423 0.028 
Cement 0.018 0.031 0.100 0.001 0.006 0.455 0.017 





* Means from 253 analyses normalized to anhydrous oxide sums of unity. 






















Fig. 2 gives a general impression of the distribution of compositions. 
The atom ratios of (Al + Fe) to Ca are plotted against those of Si to Ca, and 
an indication of S:Ca and Mg:Ca ratios is provided. Because of the 
uncertainty regarding possible replacement of Ca by Mg, analyses with Mg:Ca > 
0.2 should be interpreted with particular care. Most of the analyses shown 
could be of C-S-H, calcium hydroxide, hydrogarnet, or mixtures of two or all 
three of these phases. This conclusion is campatible with the X-ray 
diffraction (XRD) evidence. 
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spot analyses, expressed 


P on a plot of (Al + Fe):Ca 
‘ against Si:Ca atom ratios. 
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FIG. 3 


Electron probe microanalysis results for the three traverses shown 
on Fig. lg, .expressed as atom ratios relative to Ca. ~ denotes 
the anhydrous oxide sums. I and O denote, respectively, analyses 
falling in regions considered to be inner and outer product. 


Fig. 3 gives results for three of the traverses, the approximate 


locations of which are shown on Fig. lg. Traverse A probably lies entirely 
within a single relict cement grain. It includes three regions consisting 
substantially of C-S-H, and two of relict interstitial material. As noted 
earlier, the central part is probably a relict alite crystal. Traverse B 
is centered on an area of relict interstitial material; both ends are located 
On material consisting substantially of C-S-H, which probably includes both 
inner and outer products. Traverse C lies largely within a single relict 
grain, within which it includes two regions consisting largely of C-S-H and 
two of relict interstitial material. Its right hand end appears to cross a 
region of outer product, to finish on a second relict grain. 


Compositions of Individual Phases 





Based on Fig. 2, three compositional regions were chosen for more 
detailed investigation. Their definitions, which are arbitrary, are given in 
Table 2. Within the traverses or grid scans, the longest unbroken sequences 
of spot analyses in each group were 13 um for the compositions high in C-S-H, 
8 um for those high in calcium hydroxide and 10 um for those high in Al and 
Fe. These results are compatible with those of the area scans. 


TABLE 2 


Definitions of Campositional Regions 


No. of Analyses Description 


108 High in C-S-H 
20 High in CH 
62 High in Al and Fe 
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C-S-H Composition 


Table 3, col. 1, gives the results for the 108 analyses in the group high 
in C-S-H, expressed as means of atom ratios. Estimation of the true C-S-H 
composition is rendered uncertain by the likelihood that many of the analyses 
are of C-S-H mixed with other phases on or below a sub-micrameter scale. i¢ 
it is assumed that this is the principal reason for the variation within this 
group, the best estimates of the ratios of Si to Ca and of (Al + Fe) to Ca are 
approximately those represented by the appropriate corner of the triangle 
in Fig. 2. Based on these ratios, and on those for Mg, Al, S and Fe to Ca 
given in cols. 1 - 4, the most probable estimate of the mean C-S-H composition 
is that given in Table 3, col. 5. 





TABLE 3 
EPMA Analyses of Samples High in C-S-H* 


1 2 3 4 5 
All Traverse A Traverse C Travs. B andcC Estimated 
C-S-H 
Composition 


Mg:Ca 
Al:Ca 
Si:Ca 
S :Ca 
Fe:Ca 
(Al+Fe) :Ca 
A 
B 
Ca:Si 
Anhydrous 
Oxide Sum 
No. of 
Analyses 


= O.9 Cio ©'O Ore 
rOOO9O9O9O090 
rFODOOO9O9O090 


* "All" defined by Si:Ca 2 0.4, (Al + Fe):Ca < 0.2, Mg:Ca < 0.2. 
A = (Si + Al + Fe + S) :Ca. B = (Si + Al + Fe + S):(Ca + Mg). 

Ratios and sums in cols. 1-4 are means with standard deviations 

on final digit(s) in parentheses. 


An attempt was made to determine whether there was any significant 
compositional difference between the C-S-H in the inner and outer products. 
Cols. 2 and 3, Table 3, give mean results for the inner product C-S-H of 
Traverses A and C, respectively, while col. 4 gives those for what was 
probably outer product C-S-H in Traverses B and C. The Mg:Ca ratios were 
consistently low (< 0.01) in the outer product C-S-H, but very variable in the 
inner product C-S-H (0. 00-0.08). ‘The variation within the inner product may 
reflect variations in the Mg contents both between and within the alite and 
belite crystals originally present. There were were no other statistically 
significant differences, except possibly in the Al:Ca ratios, which were 
higher (p = 0.01) in the outer product C-S-H. 


The anhydrous oxide sums for the C-S-H were typically around 0.85 (Table 
3); assuming the deficiency to be water, this corresponds to an H,0:Si0, 
ratio near 1.0. This ratio is about what would be expected for C-S-H 
dehydrated in a high vacuum, and contrasts markedly with the lower values 
of 0.6 to 0.8 found for the C-S-H in calcium ‘silicate pastes (1). 
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The Al:Ca, Fe:Ca and S:Ca ratios found in the present work are close to 
those found in some other mature portland cement pastes by analytical electron 
microscopy (4,5), which, however, gave lower Ca:Si ratios of 1.5-1.6. The 
present results may also be compared with those of Rayment and Majumdar (3) 
for the C-S-H of three cement pastes and three concrete samples aged 2.5-10 
years. These workers reported contents of elements as atoms per 10 atoms of 
oxygen. The ratios of these contents to those of Ca on the same basis were 
Si, 0.43-0.60; Al, 0.06-0.16; Fe, 0.02-0.05 and S, 0.01-0.16; the Ca:Si ratios 
were 1.82-2.7. The low values for Si, and the high ones for Al, Fe and Ca:Si 
suggest that many of these analyses must relate to C-S-H mixed with other 


phases. 


The standard deviations on the ratios Si:Ca, (Si + Al + Fe + S) : Ca and 
(Si + Al + Fe + S) : (Ca + Mg) given in Table 3 are almost identical. This 
neither supports nor disproves Rayment and Majumdar’s conclusion that Mg can 
replace Ca and that Al, Fe and S can replace Ca in the C-S-H structure; their 
conclusion does, however, receive limited support from the fact that the Si:Ca 
ratio of 0.60 given in Table 3, col. 5, is below that of 0.67 suggested for 
the C-S-H of calcium silicate pastes (1), though the (Si + Al +Fe+S) : (Ca 
+ Mg) ratio is distinctly higher. In a material so poorly ordered as C-S-H, 
ionic replacement should not necessarily be understood in the strict sense 
that applies to crystalline compounds. It could have a more general meaning 
involving replacement of one ion by another occupying approximately the same 
amount of space but not necessarily in the same position. 


The mean atom ratios relative to Ca in the 20 analyses in the group of 


compositions high in calcium hydroxide (Table 2) were Mg, O.Ol(4) > Adi, 0.03 
(2); Si, 0.04(2); P, 0.001(3); S, 0.004(5) and Fe, 0.01(1); the parentheses 
enclose standard deviations on the final digits. These results agree broadly 
with those of Rayment and Majumdar (3) and with those found using analytical 
electron microscopy (4,5). It is not clear whether the extraneous elements 
occur aS inclusions or as substituents in the calcium hydroxide structure. 


Table 4, col. 1, gives mean atom ratios for the 62 analyses in the group 
of compositions high in Al and Fe (Table 2). These results, supported by 
those in Fig. 2, are compatible with the observation that the main phase high 
in these elements and detectable by XRD is a hydrogarnet. To obtain a more 
exact estimate of its composition, mean atom ratios were calculated from 19 
analyses with (Al + Fe):Ca > 0.5, Si:Ca > 0.2 and Mg:Ca < 0.2 (Table 4, col. 
1). Most of these analyses were fram regions of relict interstitial material 
in Traverses A, B and C (Fig. 3). The results, like those of the area scans, 
show that the Fe tends to concentrate in the hydrogarnet, which has a 
composition near Ca,Al,,,Fe,,,SiO,,.H,. More detailed discussion of the 
hydrogarnet composition would be unjustified because of uncertainty concerning 
the extent to which it is mixed with other phases. 


The XRD results showed the presence of small proportions of AFm phases. 
One EPMA analysis (Table 4, col. 3) corresponded quite closely to the 
monosulfate, Ca,Al, (OH) ,,(SO,).6H,O, and others could be attributed to 
mixtures of this or other AFm phases with C-S-H, or more rarely with calcium 
hydroxide (Fig. 2). Many of these analyses are distinguished by relatively 
high S:Ca ratios, which tended to increase as the AFm compositions were 
approached. 


Some of the analyses in Traverse B gave very high values for (Al + Fe) :Ca 
of 0O.8-0.9 and very high anhydrous oxide sums of 1.0-1.1 (Fig. 3). These 
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TABLE 4 























EPMA Analyses of Samples High in Al and Fe 
Atom UF 2 3 
Ratios All Hydrogarnet AFm Phase 
Mg:Ca 0.08 (6) Ovi (5) 0.00 
Al:Ca O.32(13) 0. 36(9) ©555 
Si:Ca 0. 34(11) ©232 (5) 0.04 
S :Ca 0.04 (4) 0.04 (1) 0.24 
Fe:Ca 0.14(11) O.26(10) 0.00 
(Al + Fe) :Ca 0. 47(19) 0.63(6) 0.55 
Anhydrous 
Oxide Sum 0.89 (9) 0.90(4) 0.79 
No. of 
Analyses 62 19 a 
* Ratios and sums in cols. 1 and 2 are means with standard 
deviations on final digit(s) in parentheses. "AEL™ “1s 






defined by (Al + Fe):Ca > 0.2, Si:Ca < 0.5, Mg:Ca < 0.2 and 
hydrogarnet by (Al + Fe):Ca > 0.5, Si:Ca > 0.2, Mg:Ca < 0.2. 






results suggest that a little unreacted C,AF may have remained, although it 
was not detected by XRD. 


The analyses as a whole show that the Mg tends to associate with the Al 
and Fe; this is indicated both by the EPMA traverses in Fig. 3 and by the Mg : 
Ca ratios in Tables 3 and 4, and is attributable to the fact that, in the 
clinker, this element tends to be concentrated in the interstitial material, 
especially in the ferrite phase and as periclase. In the mature paste, part 
of this Mg occurs as unhydrated periclase or Mg(OH), , as is shown by the X-ray 
images (Fig. 1) and by the high Mg contents (up to 13 weight percent) 
indicated by some of the analyses in Traverses B and C (Fig. 3); also part may 
substitute for Ca in the hydrogarnet and AFm phases. The Mg that was 
initially present in the alite or belite probably passes into the C-S-H. 
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ABSTRACT 


fhe electrochemical processes involved in the corrosion of steel are 
riefly described in terms of their thermodynamics and kinetics. The 
is to explain and discuss the currently used laboratory 

of corrosion rate measurements of reinforcement steel in 


concrete. 


Introduction 





Good quality concrete provides excellent protection for steel reinforcement. 
Chemical protection is provided by the concrete’s high alkalinity and physi- 
cal protection by the concrete acting as a barrier which impedes the access 
of aggressive species. Nevertheless, corrosion of steel reinforcement is 
becoming the most common cause of failure in concrete structures. In such 
structures as bridges and parking garages, this fact may be attributed, in 
large part, to the use of deicing salts. In other structures, carbonation of 
the concrete cover or salt penetration from sea spray, for example, may be 
responsible. The unexpected rapidity of these effects may, in turn, be due to 
incorrect specifications or to lack of control in mixing or placing of the 
concrete. They may also be due to incorrect use or inadequate knowledge 
concerning the use of the many cement additives and replacement materials 
which have become available in recent years. 


All too often concrete is specified only on the basis of its (28 day) 
strength which gives little, if any, information about its durability. Thus, 
it is becoming more and more apparent that quantitative information is 
required on the effect of a range of concrete parameters (the water/cement 
ratio, the cement binder content, the curing conditions) together with the 
effects of cement additives and replacements on the durability of concrete 
from the viewpoint of reinforcement corrosion. Unfortunately, while one can 
predict whether or not corrosion is thermodynamically possible, one cannot 
predict the rate of corrosion theoretically and this must be determined 
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empirically. The only practical way in which this information can be ob- 
tained and documented in a reasonable time is by laboratory measurements of 
actual corrosion rates under specified and controlled conditions. 


Until recently, corrosion of steel in concrete was most frequently studied by 
exposing samples to known environments for long periods of time, then re- 
moving the concrete cover and either weighing or measuring the steel to 
determine the amount of material corroded. Such experiments take many years 
to complete and are, obviously, destructive in nature. In recent years, 
however, electrochemical techniques have come to be used in the study of 
reinforcing steel. There are several major advantages of these methods. 
Firstly, they can give an estimate of the actual corrosion rate existing at 
the time of the experiment, not just the accumulated amount of corrosion over 
a long period of time. Consequently, it is not necessary to expose samples 
to a given environment for long periods. Secondly, the techniques are extre- 
mely sensitive, enabling measurement of corrosion rates as low as 0.01 
pm/year. Thirdly, they are not destructive and, therefore, measurements can 
be repeated on the same samples, for example, after exposure to different 
environments 


Electrochemical techniques are currently being used in a few laboratories 
around the world to gather the relevant information concerning the effect of 
concrete and environmental parameters on the corrosion of reinforcement but 
there seems to be a language barrier between the concrete community and the 
corrosion community which hinders the transfer of this information from the 
laboratory to the "real world". The purpose of this article is, thus, to 
describe the principles underlying the electrochemical techniques used in the 
laboratory to measure corrosion rates of steel in concrete. Electrochemical 
inspection and monitoring of actual structures will be discussed in a subse- 
quent article’. 















Corrosion as an Electrochemical Process 


Corrosion is an electrochemical process. In other words, it is a chemical 
reaction involving the transfer of charge (electrons) from one species to 
another. For an electrochemical reaction to occur (in the absence of an 
external electrical source) there must be two half cell reactions: one cap- 
able of producing electrons (the anodic reaction) and one capable of con- 
suming electrons (the cathodic reaction). Moreover, the rates of production 
and consumption must be equal in order to satisfy a charge balance. Because 
there is no net current, it is not possible to measure the current due to 
corrosion directly but it can be determined indirectly as described later. 












For steel embedded in concrete, the anodic reactions of interest are: 





3Fe + 4H,0 -> Fe,0, + 8H* + 8e7 <1a> 






of = 
2Fe + 3H50 => Fe,03 + 6H + 6e <1b> 


Fe + 2H,0 -> HFeO> + . ae <10> 
















<1d> 








The possible cathodic reactions depend on the availability of Oy and on the 
PH in the vicinty of the steel surface. The most likely reactions are: 












O +0, + 4e -> 40H <2> 


2H 2 





2 















wn + 2 => Hy <3> 
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eactions 1la-d represent the dissolution or oxidation of iron and, as 
ibed below, for good quality concrete, in which the pH is normally of 
order of 13.5, Reactions 1a and 1b are of primary interest. In the 
sence of other factors, the oxides Fe30, and Fe,03 will form as a very 
protective layer on the surface (a passive layer), as indicated schem- 

ly in Fig.1. If the pH is reduced. eg. by carbonation, then the same 

will be produced as a non-protective layer, ie. as rust, and in much 
greater quantities. This has two detrimental effects: it reduces the cross 
section of the steel and, thereby, its load bearing capability and, because 
has a volume several times greater than the iron from which it is 

it also results in cracking and spalling of the concrete cover. 

there may be local corrosion attack resulting in pits in the 

also indicated in Fig.1. In this case, the steel may be completely 

little or no visible damage to the concrete cover. As des- 

the most common cause of this type of corrosion is breakdown of 


passive film by chloride ions. 


PASSIVE STEEL CORROSION 
Oz AS CATHODE CURRENT O2 





PGs. 


Schematic illustration 
REINFORCING CONCRETE of the corrosion of re- 
STEEL inforcement steel in 


concrete. 


ANODIC DISSOLUTION 
OF IRON 


In order for corrosion to proceed, there must be a complete "electrical 
circuit" between anodic and cathodic areas of the steel. The flow of elec- 
trons and ions between these areas - the corrosion current - is indicated in 
Fig. 1. The magnitude of the corrosion current is a direct measure of the 
rate of corrosion of the steel. Thus, a corrosion current (determined per 
unit area of reinforcement) of 1 A/m” is equivalent to an average oxidation 
or dissolution of 1.16 mm per year from the surface of the steel. As in any 
other electrical circuit, the corrosion current is limited by the resistance 
of the circuit. In this case, the important factor is the electrical resis- 


tance of the concrete. 


While the electrical resistance of the concrete is one of the factors con- 
trolling how fast corrosion can occur (ie.the reaction kinetics), the para- 
meters determining whether or not corrosion is actually possible (the reac- 
tion thermodynamics) are the pH of the concrete pore,solution and the 
electrochemical potential existing at the steel surface.°* One can determine 
theoretically” whether or not the reactions are thermodynamically possible 


She electrochemical potential is a measure of the ease of electron charge 
transfer between the steel and the cement pore water solution and is, thus, a 
property of the steel/concrete interface, not of the steel itself. It is 
not possible to determine the absolute value of the potential and, therefore, 
the potential difference between the steel surface and a reference electrode 
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and values of E as a function of pH for which the above reactions are in 
equilibrium can easily be calculated and are available in graphical form? as 


illustrated in Fig. 2. 








V SHE 





Potential, 
Potential, 














2 





A simplified version of diagram given in Ref 3, of the equilibrium phases of 
iron in aqueous solutions as a function of pH and electrochemical potential. 





At pH 1335 (typical of OPC), 
mV SCE (-881 mV SHE), point "C" in Fig. 2. At potentials lower than this, 
iron is the stable phase and, therefore, corrosion cannot occur. At higher 
values of the potential, Fe30, Or Fe,03 is the stable phase and corrosion (or 
oxidation) can occur. In theory, the more positive the potential, the higher 
will be the corrosion rate. However, at high pH (>9) in the presence of Oo, 
the oxide forms a passive film on the surface of the iron. This film acts as 
a protective coating but is not completely protective. Thus, corrosion is 
not stopped but the rate of corrosion is reduced to an insignificant level. 


iron is in equilibrium with Fe30, at E = -1125 



















A second effect of this passive film is that there is no unique value of the 
corrosion potential. Its highest possible value is determined by the equi- 
librium potential of .O., the dashed line in Fig.2. In aerated concrete of pH 
13.5, the highest potential of the steel would thus be +175 mV SCE (point "B" 
in Fig. 2). The lowest potential at which the passive film has been experi- 


( for example, a standard hydrogen electrode, "SHE", or a saturated calomel 
electrode,"SCE") is taken as a measure of the actual potential and is quoted 
as volts (or more commonly , millivolts) relative the electrode used, eg. as 
V SHE or V SCE. That value of the potential existing in a freely corroding 
system (ie. without any impressed potential from an external source) is known 
variously as the corrosion potential, the open circuit potential or the 
reversible potential and is often given the symbol ER: 


C.M. Hansson 


mentally found to be stable at this pH is -594 mV ScE*. In practice, the 
steel can adopt any potential within this range and still be passivated. 


On the basis of the above, one can envisage the following sequence of events 
when fresh concrete is poured around steel reinforcement: 


1. As the steel is coated with wet cement, it will rapidly develop a passive 
surface film due to the high pH of the cement pore water and the availability 
of oxygen. The potential of the steel will lie anywhere between +175 and 
-594 mV SCE (these limits are pH dependent); it may or may not be uniform 
over the surface of the steel and it may be stable or fluctuate with time. 
In the absence of aggressive chemicals, such as chloride whee | the corrosion 


current will be negligible, probably of the order of 10° * to 10 ~ A/m 
equivalent to 0.1 - 1.0 pm/year. 


2. The maintenance of the passive film requires both a high pH and access of 
oxygen. The greater the availability of oxygen, the thicker will be the 
e film and the higher (more positive) will be the corrosion potential, 


passive 


. itt 
be high because of the easy access of oxygen. However, the corrosion rate 
will be limited by the passivity of the steel (in concrete that is not 


he concrete is allowed to dry out, the potential can be expected to 
ic 


Litt 


carbonated) and by the availability of water (in carbonated concrete). This 
is because water is required both for the corrosion process (Reactions 1 and 
2) and for transport of the charge within the concrete. 


4. If the concrete is buried under moist ground or is in deep water, the 
corrosion rate will be limited by the availability of oxygen. Eventually, 
all the oxygen in the concrete will be reduced and the potential will drop to 
a level at which the passive film is not stable and the film itself will be 
reduced, leaving bare steel in an "active" state. The actual corrosion rate 
under these circumstances is , however, not much higher than that in the 
passive state and will be determined by (i) the potential Ep: (ii) the 
diffusion rates of the reactants and the corrosion products in the concrete 
and (iii) the electrical resistivity of the concrete. In theory, the poten- 
tial could fall to a level sufficiently low for hydrogen to be evolved by 
Reaction 3 (point "A" in Fig. 2) but such low values have not been measured 


in practice as yet. 


5. Unacceptably high corrosion rates which lead to cracking and spalling of 
the concrete are usually caused by carbonation or chloride ion attack. Carbo- 
nation is the reaction between co, from the atmosphere and (primarily) the 
Ca(OH), in the cement. Penetration of the gaseous co. into the concrete 
occurs most rapidly at low humidities but the chemical reaction takes place 
in the pore water solution and so occurs most rapidly in saturated concrete. 
Therefore, net result is that, in practice, carbonation provides the biggest 
problem at intermediate humidities. There is some disagreement in the 

iterature as to the optimum humidity for the maximum carbonation rate 
but that is probably because it is also affected by concrete parameters such 
as cement type, w/c ratio and age. The effect of carbonation is to reduce the 
pH of the cement pore solution to a level at which the passive filmis not 
stable. As in the case of deaerated concrete, the passive film will dis- 
solve and active corrosion will occur over all the depassivated steel. How- 
ever, in contrast to the situation described in (4) above in which the 
concrete is water saturated but deaerated, oxygen is generally readily 
available in carbonated concrete anda high rate of corrosion (possibly >1 
A/m? or >1 mm/yr) can be maintained. 
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6. Chloride ions can also initiate active and rapid corrosion but by a 
different means. The Cl can cause local breakdown of the passive film even 
at high pH, thereby exposing the _ to active dissolution and allowing 
pits to develop. Galvanic corrosion® is then established with the local pits 
acting as anode and the large, unaffected areas of passivated steel acting as 
cathode. Since cathodic and anodic currents must be equal, extremely high 
anodic current densities can develop and pits can rapidly penetrate the 
thickness of the reinforcement. Furthermore, the acid produced by the corro- 
sion reaction can dissolve the adjacent cement, thereby, removing the local 
diffusion barriers. There is no unique threshold value of chloride concen- 
tration in the concrete for the initiating of pitting: the higher the elec- 
trochemical potential and the lower the pH, the less chloride is needed for 
corrosion to start. Moreover, the type of cement and the w/c ratio playa 
role in determining how much of the chloride is available in the pore water 
and how much is chemically bound in the cement. 


7. Carbon dioxide and chloride ions can act synergistically in that the car- 
bonation reaction can lower the pH of the pore water allowing chloride attack 
to occur at lower chloride concentrations than are necessary for corrosion in 
the uncarbonated concrete. 


Electrochemical Kinetic Measurements 





As mentioned above, the possibility of a corrosion reaction occurring can be 
predicted theoretically but the kinetics of the reaction, ie, the rate at 
which it proceeds, can only be determined empirically. Yet it is the rate at 
which the steel corrodes which is of interest to the engineer and is, thus, 
of greatest importance. 


Electrochemical kinetic measurements are standard and very common procedures 
in the study of the corrosion of metals in aqueous solutions. However, they 
have not been widely used for steel in concrete because of the experiinental 
difficulties involved with (i) the very low current densities, (ii) the high 
electrical resistance of the concrete and (iii) the long experimental times 
involved. However, such measurements can be used to give both an estimate of 
the corrosion rate occurring at the time of the investigation, and an idea of 
how the corrosion rate will change if the corrosion potential were to change 
due, for example, to environmental changes. Electrochemistry can also be 
used to detect the onset of corrosion due to carbonation or to chloride 
penetration and can give a measure of the magnitude of these effects in diff- 
erent environments or different concretes. 


Figure 3 gives a schematic representation of the currents due to (ie. the 
rates of) the Reactions 1a, 2 and 3 as a function of electrochemical poten- 
tial. The equilibrium potentials (at which the net current for each reaction 
is zero) are given as er Eo and Eo respectively. At equilibrium in an 
aerated solution of high pH, the potential at the steel interface will attain 
that value (E, ) at which the cathodic current, ins due to oxygen reduc- 
tion (line (by is equal to the anodic current, is due to iron dissolution 
or oxidation (line (c)) and the corresponding corrosion rate will be 


LR(Fe/O)' In deaerated solutions, on the other hand, the corrosion potential 


Sent vanste corrosion is the term applied to the acceleration in the rate of 
corrosion of one metal due to contact with a dissimilar metal and is due to 
the difference in electrochemical potential of the two metals. In the present 
case, the two "dissimilar" metals are the areas of actively corroding steel 
and the remaining passivated steel. 
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The potential/current relationship for Equations la, 2 and 3 


het ' Excpe/H) 299 1lR(pesu)! 
respectively, corresponding to the values at which the rate of hydrogen 


y 
if 
B 


evolution (line (a)) is equal to the rate of iron oxidation. 


and corrosion current will attain lower values, E 


Because of the large range of current values often involved, the currents are 
usually plotted on a logarithmic scale with anodic and cathodic currents 
plotted in the same direction, as illustrated schematically in Fig. 4. 


In practice, it is not possible to determine the actual corrosion rate (as 
the corrosion current, ip), directly. This is because, during actual corro- 
sion, the rate of emission of electrons by the iron is exactly equal to their 
rate of consumption by the oxygen and/or hydrogen ions and, therefore, there 
is no measurable net current. In order to obtain an estimate of the current, 
ips it is necessary to shift the potential away from the equilibrium value, 
Epr measure the resultant net current and extrapolate the data back to Eps 

Experimentally, this can be accomplished as illustrated schematically in Fig. 
5. A steel rod is embedded in the cement paste, mortar or concrete of 
interest and, after appropriate curing, the sample is immersed in water. The 
corrosion potential, Eps of the steel is measured relative to a reference 
electrode and then, hy means of a potentiostat, the potential of the embedded 
steel is shifted away from E,. The resulting current flowing between the 
embedded steel (the working electrode) and an external steel plate (the 
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The potential/log(current) relationship for Equations 1a, 2 and 3 


counter electrode) is then measured. What one actually measures is the net 


current (i, = i) which is shown as the heavy dashed lines in Fig. 4. 


Potentiostatic Polarization Curves 





One electrochemical method of studying corrosion of reinforcement steel 
embedded in concrete or mortar, is to determine a "complete" polarization 
curve. This may be accomplished either potentiodynamically or potentio- 
statically. The former, which the is most common in the study of metals in 
aqueous solutions, involves sweeping the potential from Ep ina positive 
direction a few hundred millivolts while simultaneously determining the cur- 
rent, then reversing the potential sweep to a few hundred millivolts more 
negative than ER and so back again to Ep: The potentiostatic technique is 
Similar except that the potential is applied in steps and the system allowed 
to come (more or less) to equilibrium at each step before the current is 
measured. For steel embedded in concrete, in which diffusion and migration 
processes are slow, the latter technique is considered (by the author!) to be 


the more appropriate. 


The shape of the polarization curve for passivated steel in concrete is shown 
schematically in Fig.6, in which the various reactions are indicated. Fig. 7 
shows experimental curves~ obtained potentiostatically for steel in OPC 
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mortar (a) in the passive state and (b) after it was exposed to chloride 
ylution for a few weeks and had begun to corrode. By extrapolating the data 
al 


higher potenti 

sive steel is only 10 ~ A/m* or v0. 
attacked by chloride ions is corroding at a rate of 10°° A/m* or ~0.1 
mm/year. The current, however, is averaged over the whole bar and, in the 
case of chloride attack, the corrosion is a local phenomenon and covers only 
a small fraction of the total area of the steel. By removing the concrete 
and measuring the area of corrosion, the actual corrosion rate was found to 


ls to E,, it is clear that the corrosion rate of the 
- Ly 
1 pm/year whereas that which has been 


be, in fact, 1 mm/year. 


Because the data were obtained potentiostatically and the samples allowed to 
come to steady state at each value of applied potential, the polarization 
curves also give an indication of the maximum rate of corrosion of the steel 
if the potential should be raised. Potentiodynamic measurements do not allow 
the system to come to steady state and on cannot, therefore, infer anything 


from current values at different potentials. 


Determination of a complete potentiostatic polarization curve can take up to 
a month of experimental measurements. However, a large number of samples can 
be connected in parallel and examined simultaneously. In concrete, where 
there are numerous variables to investigate and samples vary with age, this 
ability to measure, simultaneously, a number of samples which were cast at 
the same time and, for example, then exposed to different conditions, can be 
a significant advantage. There are, of course, also some disadvantages of the 
technique and there has been doubt expressed’ concerning the long term 
effects on the samples of applying overpotentials of several hundred milli- 
volts. Such effects are currently under investigation but preliminary results 
suggest that there is as short term effect but not a long term one”. 


Linear Polarization or Polarization Resistance 





This technique, also known as the "Stearn-Geary" method e involves much 
smaller polarization of the steel. The current is measured for applied 
potentials up to +10 mV from Ep and the slope of the curve through zero 
applied potential, as shown in Fig. 8, is determined as the "polarization 
resistance", R. The actual current is then calculated from the relationship: 
tcorr ~ B/R 
where B is an empirical constant normally determined from the full polariz- 
ation curve. While this is an easy and quick technique, the value of B has 
not been determined accurately for steel in concrete and the value used is 
generally that obtained for steel in alkaline aqueous solutions. A second 
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disadvantage is that at such small overpotentials, the net current for steel 
that is not actively corroding is extremely small giving rise to measuring 
difficulties. Thus, the technique is appropriate for actively corroding 
steel but less so for passivated steel. Moreover, because each sample will 


have a different value of E all samples must be measured individually. 


R’ 


Determination of the Onset of Corrosion 





A fairly simple method of determining the onset of corrosion under given 
£ 


environmental conditions is to apply a constant positive potential of a few 
hundred millivolt to the steel embedded in concrete and periodically measure 
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FIG. 7 


Experimenta] potentiostatic polarization curves for steel in OPC mortar (w/c 
= 0.5) at 22°C. Curve (a) is for passivated steel and curve (b) for corroding 
steel due to chloride ion attack. 
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Experimental polarization re- 
sistance curves for passive 
steel in dense silica-cement 
mortar (DSP) and actively 
corroding steel in Cl -contain- 
ing OPC mortar. 
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the current flowing from the steel to an external electrode. For example, 
samples can be immersed in salt water, be subjected to an impressed anodic 
potential and the current monitored daily until a signifiant increase in 
current is noticed, corresponding to the onset of chloride ion attack. This 
technique is particularly useful for comparing different cement types, or 
different concrete qualities. 
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ABSTRACT 


Lie The occurrence of microcracking of portland cement pastes during drying 
has been studied by comparing the effects of specimen thickness on shrinkage 
and cracking using light microscopy. Increases in specimen thickness tended 
to impede drying and wetting, but there were only slight changes (less than 
experimental errors) in total and reversible shrinkage once equilibrium was 
attained. Although microcracking occurred at the beginning of drying whenever 
the thin specimen (thickness <2mm) was suddenly exposed to low relative humidity 
(v50%), the cracks eventually closed up. It was concluded that no matter whether 
or not this microcracking happened, the shrinkage of the specimen after reaching 
equilibrium was unrestrained. 


















Introduction 


Wittman (1) has pointed out that shrinkage mechanisms can only be deduced 
from measurements of total deformation of drying specimens when unrestrained 
shrinkage occurs. This does not happen in mortar or concrete specimens (2-4) 
because moisture gradients cause tensile cracking (4), and carbonation shrink- 
age may also occur (3). There is a nossibility that cement paste specimens, 
often used to explore shrinkage mechanisms, may undergo similar microcracking. 
The fact that the permeability coefficient of a dried paste was found to be 
70-fold greater than that of an undried paste (5) has been explained as the 
effect of microcracking (6,7). Bazant and Raftshoel (7) determined that micro- 
cracking will occur even in a specimen 1] mm thick if it is suddenly exposed to 
a lower rh. Microcracking may even occur at high relative humidities as a 
result of shrinkage stresses developed in the vicinity of CH crystals (9), and 
may offset drying shrinkage (7) (although this mechanism was not thought (10) 
to have a strong influence). 


Chatterji (6) concluded that drying shrinkage of cement paste is not a 
material parameter because of microcrack formation, but Bentur etal. (11) claimed 
that such cracking is a result of moisture gradients and will not occur in thin 
Specimens. Both specimen thickness (12) and drying rate (12,13) apparently have 


















— 
Associate Professor of Construction Engineering and Technology, 
National Taiwan Institute of Technology, Taiwan, ROC. 


585 









Vol. 14, No. 4 





C.-L. Hwang and J.F. Young 






no effect on the ignitude of shrinkage when specimens are dried to an equilibrium 
conditi Actually, the size and shape of a paste specimen will affect the 
rate ae drying (8), but the ultimate irreversible, reversible, and total shrink- 
ages are not greatly affected (12,13). Day and Illston (12), therefore, 
concluded that miniature specimens can be used to measure the unrestrained 
response of the material as long as equilibrium conditions are met. 









Experimental 







Pastes of a Type I portland cement were prepared at 0.4 w/s (water/solid) 
Sing procedures similar to those described by Helmuth and Turk (14) 
(see Figure 1). Specimen thicknesses for measuring the effect of geometry on 


Shrinkage were 1 and 3 mm, and less than 1 mm for direct observation of micro- 
cracking. Gauge lengths were about 100 mn 








a. Mixing b. Shaking c. Casting <a 






d. Rotating 





g. Assembling f. Sowing e. Curing ( 10 weeks} 
(for shrinkage measurement } 











Flow 





Figure 1. chart of specimen preparation. 










The original dimensions of the specimens were measured using a vernier 
caliper under water. Thenthe free water on the specimen surface was quickly 
wiped off with a paper towel, and the specimen was put into a clean plastic tube 
with lids on both sides. The virgin weight of the specimen in the saturated sur- 
face dry (SSD) state was then measured on an ana lytical balance, (Ainsworth, Model 
24N) which was readable to 0.01 mg. The original reference weight of the spec- 
imen was determined with two 1/4-in stainless steel grips (which were machined 
with either a 1.2 mm or 3.2 mm slot in the center which resembled a U-shaped notch), 
two plastic plates, and four 3/32-in OD stainless steel bolts. The hardware formed 
the cauge points and, after weighing, the specimen was assembled under water 
with two grips on the longitudinal sides as shown in Figure 1 (procedure g). 

The original reference length reading was measured with a frame-type dial gauge 
comparator (15), which was zeroed using a 5-in long stainless steel rod. The 
specimen was then transferred to a desiccator at 100% relative humidity, which 
was kept free of carbon dioxide, until shrinkage and weight change measurements 
were begun. Shrinkage measurements were reproducible to + 5 x 107° mm/mm. 
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Drying was accomplished with the aid of vacuum desiccators that contained 
an appropriate saturated salt solution (15,16). The reliability of this humidity- 
controlling method has been found to be satisfactory (16); the sorption charac- 
teristics of a vycor glass obtained using this method coincided with those 
obtained using aqueous sulfuric acid solutions (17), and is similar to other 
data (18). In order to insure that air was completely removed from the system, 
the use of slow pumping for a few minutes was necessary. 


Since the moisture within a specimen diffused out fairly rapidly due to 
the specimen's small thickness, it was necessary to measure the specimen sev- 
eral times on the first day of drying. Rewetting was needed in order to get 
the true profile of shrinkage versus weight change. After drying for 30 days 
at four different relative humidities specimens were transferred to a dessica- 
tor at 100% rh. As in the case of the drying process, the rewetting was moni- 
tored several times within the first day of rewetting. Finally, the specimens 
were resaturated with water under vacuum to insure that no entrapped air bubbles 
impeded the filling of the pores. 


Light Microscopy 
To detect the presence and onset of microcracking during drying a 1-2 mm 
thick specimen was moved directly from 100% rh to room rh (about 50%) on the 
specimen stage of aCarl Zeiss photomicroscope. Microcracks can be observed 
easily by the off-centered, bright-field illuminating technique (19) ata 
magnification of 740x or higher. Dark-field illuminating was also used at a 
magnification of 350x or lower. In this case the specimen was periodically 
dyed with a solution of silver nitrate in methanol every ten minutes during the 
first hour after observation was started. Silver nitrate absorbed in the cracks 
subsequently reacted with the alkaline environment to form a silver oxide- 
metallic silver mixture which provided a dark stain highlighting the cracks. 
A resolution of less than 1 wm could be achieved by both methods. 








Results and Discussion 






Shrinkage and Weight Change 









The influence of specimen thickness can be seen from Figure 2, and is sum- 
marized in Table 1. The thickness of the specimens tended to impede drying and 
wetting. Specimen thickness affects the relative weight change more than the 
relative length change. This is thought to be due to the fact that water in 
capillary pores must diffuse a greater distance to leave the specimen, while 
internal stresses causing shrinkage still develop quite quickly. 








Microcracking Observations 








The specimen was exposed to ambient relative humidity (50%) while being 
observed under off-center, bright-field illumination at 737x magnification. 
After about 8 minutes of drying, "ridges" were seen around CH crystals, along 
with some surface microcracking. It was not possible to obtain satisfactory 
micrographs of the ridging effect, but the microcracks can be photographed 
quite well at lower magnification (373x), as shown in Figure 3. The ridging 
around CH crystals cannot be readily distinguished in such photographs, but 
arrows mark two of the more prominent examples. Later, at about 15 minutes, 
the specimen was dyed with silver nitrate in methanol and observed by dark- 
field illumination at 373x magnification. The cracks at the edges, which are 
best observed in this manner, gradually opened up during the first day, but 
later closed up (to ~] wm), some disappearing entirely. Figure 4 illustrates 
this behavior. Most of the cracks are located near the edges of the specimen 
with only a few located near the center. Figure 5 presents schematically the 
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Figure 3. Micrograph (reflected 
light) of specimen surface 
cracking after 24 min. drying at 
50% rh. Arrows mark examples of 
"ridging" around CH crystals 
(373x). The irregular line of 
contrast running across the 
micrograph is a surface crack 
caused by rapid drying at the 
surface. 
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general pattern of the cracking after two days exposure. The tensile crack 
pattern observed by Chatterji (7) only occurred when the specimen was warped, 
constrained on one side, or macrostructurally heterogeneous due to bleeding on 
the surface or incompatibility of the materials such as the curving area of a 
cylindrical specimen. A typical crack pattern is shown in Figure 6 when drying 
from one side under restrained conditions. The average original crack width 
was greater than 1 mm. Permanent microcracks were only observed on one side, 
where heterogeneity due to bleeding is suspected. This may have occurred in a 
previous study (21) of shrinkage cracking. 


— 
r 


igure 4. Light micrographs of specimen edge cracking during drying. 

(a) 1 day, (b) 3 days, (c) 4 days, and (d) 6 days. In (d) only the 

residual silver from the silver nitrate stain is seen, the cracks 
having closed up completely. (The arrow in each micrograph 
indicates the same pore, which was used as a location marking.) 
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(ii) after two days 


Fig. 5. Schematic view of cracking Fig. 6. Optical micrograph showing 
behavior in thin unrestrained tensile cracking pattern after re- 
specimens during drying (T and B strained drying for 4 hours (silver 
are cast surfaces (top and bottom) nitrate stain) 

while E and S are sawn surfaces 


Phenomenologically, from direct observation the microcracking process can 
be represented schematically, as in Figure 7. Stage I is the "impact" period. 
At the beginning of this stage, the specimen suffers an extreme surface con- 
traction due to sudden drying, and this might induce some microcracking due to 
tensile stress exceeding the tensile strength of the paste near the edge. 

Local ridges were observed around the CH crystals at the beginning of drying 
because of compression at the region of CH crystals induced by shrinkage of the 
C-S-H alone. Microcracks also radiate from CH boundary due to the differential 
contraction between CH and C-S-H phases. Kawamura (9) predicted this kind of 
microcrack, but not the ridging effect. The "ridging" around CH crystals is 
reduced after a while because the stress perpendicular to CH boundaries due to 
the C-S-H is reduced, but the radiating cracks due to differential contraction 
propagate to form randomly oriented cracks which pass around other CH boundaries 
but are arrested by other cracks. Once the cracks have initiated, the internal 
compressive stresses caused by the differential moisture gradients dissipate, 
and driving forces exerted inside the pores of the specimen decrease as the 


moisture diffuses out. Because the moisture during this stage is lost fairly 
rapidly, as would be expected from diffusion theory, the cracking propagates 
as in Stage II. 


In Stage III, the cracks fully open up since the shrinkage near the edge 
has almost ceased due to moisture being lost more rapidly from the new cracked 
surfaces. However, near the center portion shrinkage is still going on, until 
internal tensile stress is less than the paste strength, at which time the 
cracks cease to propagate. After Stage III. the cracks close up gradually as 
the center core shrinks until fully closed, and only small traces of silver 
nitrate can be observed. Unless there is macroscopic heterogeneity (due to a 
higher w/s ratio near the edge caused by bleeding) the cracks of a cement paste 
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should wholly close up when the shrinkage reaches equilibrium with the given 
relative humidity. Equilibrium was assumed to have been reached when the weigiit 
loss rate had fallen to 0.02% per hour and the shrinkage rate to 0.0002% per 
hour (13). 


The extent of microcracking is somewhat exaggerated in Figure 5 for clar- 
ity. The cracks at the edges only propagate to about 5% of the specimen width 
so that about 90% of the specimen width remains uncracked. Thus it is antici- 
pated that the shrinkage of this specimen is largely unrestrained. This was 
confirmed by the absence of size effects. The "macrocracking" that occasionally 
occurs in thin-walled cylindrical specimens during rapid drying (11) is caused 
by the difference in length between the inner and outer circumferences, which 
leads to slightly different shrinkage strains and hence induces a circumferential 
stress. This type of cracking will not affect the longitudinal shrinkage behavior. 


This conclusion may not contradict the observation of a higher permeability 
coefficient for a dried specimen (5), since, if the cracks occur at the surface, 
the effective thickness will be reduced and this will increase the flow rate. 
The apparent (but not the intrinsic), permeability coefficient may give some 
information of the extent of cracking, but cannot be used to deduce the true 
history of cracking. 


Conclusions 





TOL. The thickness of cement paste specimens in the range of 1 to 3 mm did not 
affect equilibrium shrinkage, although it did affect drying and rewetting rates. 
Therefore, the measured shrinkage of a thin specimen can be used to determine 
the shrinkage of the paste under unrestrained conditions. 







Direct observation by optical microscopy also showed that,although some 
microcracks may form on the surfaces at the beginning of drying, only a small 
volume of the paste is affected. These cracks close up later and do not affect 
the shrinkage at the equilibrium condition. 












Acknowledgments 





This work forms part of a thesis by C.-L.H. inpartial fulfillment of the 
Ph.D. degree at the University of Illinois. Partial financial support for 
C.-L.H. was provided by the University of Illinois Research Board. The assis- 
tance of Professor F. V. Lawrence and Dr. N. Ho with the light microscopy is 
gratefully acknowledged. 













References 





F. W. Wittmann, in "Creep and Shrinkage in Concrete Structures," p. 129, 
Ed. Z. P. Bazant and F. H. Wittmann, John Wiley & Sons, Ltd., Chichester, 
U.K., 1982. 

2. D. Campbell-Allen and D. F. Rogers, Mater. Struct. (Paris), 8, 193 (1975). 

3. D. W. Hobbs and H. R. Mears, Mag. Concr. Res., 23, 89 (1971) 

4. F. H. Wittmann and P. E. Roelfstra, Cem. Concr. Res., 10, 601 (1980). 

5. T. C. Powers, L. E. Copeland, J. C. Hayes, and H. M. Mann, J. Amer. Concr. 

Inst., 51 285 (1954). 

S. Chatterji, Cem. Concr. Res., 6, 145-148 (1976). 

S. Chatterji, Cem. Concr. Res., 9, 655 (1979). 

Z. P. Bazant and W. J. Raftshoel, Cem. Concr. Res., 12, 209 (1982). 

M 

Z 















. Kawamura, J. Am. Cer. Soc., 61, 281 (1978). 
. P. Bazant and W. J. Raftshoel, Cem. Concr. Res., 12, 132 (1982). 


C.-L. Hwang and J.F. Young 


Bentur, R. L. Berger, F. V. Lawrence, N. B. Milestone, S. Mindess, and 
. Young, Cem. Concr. Res., 9, 657 (1979). 
. Helmuth and D. H. Turk, J. Res. Develop. Lab., Portland Cem. Assoc., 
(1967). 
. Day and J. M. Illston, Cem. Concr. Res., 13, 7 (1983). 
\. Helmuth and D. H. Turk, Highway Res. Bd. Spec. Rpt. 80, p. 135 (1966). 
L. J. Parrott and J. F. Young, in "Fundamental Research on Creep and 
Shrinkage of Concrete," p. 550, Ed. E. H. Wittmann, Martinus Nijhoff, The 
Hague, Netherlands, 1983. 
L. J. Parrott, W. Hansen, and R. L. Berger, Cem. Concr. Res., 10, 647 (1980). 
Hansen, Ph.D. Thesis, University of Illinois, 1983. 
. H. Amberg and R. McIntosh, Canad. J. Chem., 30, 1012 (1952). 
D. Higgins and J. E. Bailey, in "Hydraulic Cement Pastes: Their Struc- 
ure and Properties," p. 283, Cem. Concr. Assoc., Slough, U.K. (1976). 
Chatterji, Cem. Concr. Res., 12, 797 (1982). 


Chatterji, N. Thaulow, and P. Christensen, Cem. Concr. Res., 11, 155 
1981). 


v 


~ We Se So Ge. 


C 
t 
S. 
- 
( 

















CEMENT and CONCRETE RESEARCH. Vol. 14, pp. 595-599, 1984. Printed in the USA. 
0008-8846/84 $3.00+00. Pergamon Press, Ltd. 


NOTE 


INTRINSIC SORPTION POTENTIAL OF CEMENT COMPONENTS FOR 1c, 
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ABSTRACT 
The sorptive powers of radioactive Cs for partially or fully hydrated 
compounds present in cement has been determined at v18°C for [Cs*] ~ 

aL. 2x10 'M. In CO.-free conditions, the hydration products of the 

14 Silicate, aluminate, ferrite and sulphate phases show negligible 

sorption, typically less than 0.3%, in experiments ranging in 

duration between Th and 40d. 










Introduction 










Cement-based formulations have been used in the immobilization of nuclear 
wastes (1). The mechanism of immobilization is, however, complex. Cements 
undoubtedly afford a degree of physical encapsulation. However, precipitat- 
ion of some species, arising from the alkaline nature of cement environments, 
also occurs thereby complicating the interpretation of experimental data on 
the sorptive potential of cements. 








A cement matrix is made by mixing finely ground anhydrous phases, termed 
clinker, with water. The clinker typically has a surface area of 
2-5 x 10° cm*g-?. However, , the hydration products have an even greater surface 
area, typically 10-100 m@g™! (Nz adsorption) and 250 -450 m*g ? (H20 
adsorption) for the calcium silicate hydrate (C-S-H) phase. The high surface 
area, poor crystallinity at T < 100°C, and rheological properties suggest that 
the silicate fraction of cement 'paste' is essentially gel-like. Other 
constituents, such as Ca(OH). and calcium aluminate hydrates, are more 
crystalline but also exhibit high surface areas. 












Cesium is difficult to immobilize in cement. It is not precipitated in 
alkaline solution and is known to be readily leached from set cements (2). 
It is therefore important to establish whether cement components exhibit 
significant sorption for Cs, bearing in mind that radiocesium immobilized in 
cement is typically present only in low concentration, ca < 107*M. Our 
approach has been to study Cs sorption of phases of cement, either singly or 
in combinatian. Data have been reported for some of these components using 
chemical analyses of solutions of non-radioactive Cs (3). In the present 
paper, the data have been obtained using spiked radio-Cs, which permits more 
Sensitive assay, and the list of cement components studied has been extended. 
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Experimenta] 





Phase-pure compounds (>98 - 99% pure) were prepared according to the 
methods described or referenced in Table 1. Anhydrous phases were made in 
Pt crucibles heated in air in electrically heated muffles, typically in 
20 -25g batches. The samples were crushedif required before hydration to 
cement powder fineness (2-4 x 10°cm*g™!) which was determined by the Blaine 


air permeability method. 
TABLE 1. 
Preparation of Sorbants. 
Sorbant Cement* Starting Materials and Reference 


Chemical Conditions of Preparation 
representation : 





CAF CaC03,A2203,Fe203; 1325°C 
C3A CaC03,A22033; 1350°C 

Ci2A7 CaC03,A2203; 1200°C 

C1 1A7CaF » CaC03,A2203,CaF2; 1200°C 
C38 CaCO3,Si02; 1450°C 


BC2S CaC03,Si02; 1450°C 
(B203 stabilized) 


yCa,910,, yC2S CaC03,S102; 1450°C 
CaS0,4°0.5H20 CS3H CaSO,,2H20; 150°C 


CagA22S3021 *32H20 CeAS 3H 32 Ca(0H)>,CaSO,, <18°C 
Ca,A2—6S0175H20 





* 
Cement chemical shorthand nomenclature: C = CaO, A = A%203, F = Fe203, 
S =$i02, S = $03, H =H20. Ettringite has the approximate formula 


C>5AS 3H32. 


Crystalline ettringite was prepared by reaction of C3A with gypsum and 
water at or below 18°C. The synthetic C-S-H gel was made by precipitation:- 
by mixing, with stirring, 0.1M Na2Si03; and 0.1M Ca(NO3).2 solutions. The 
product was aged for 7-10d, filtered,and washed free of nitrate ions prior 
to use. The hydration products of a cement made to BS 12 (similar to ASTM 
Type 1) were made by hydrating commercial cement at 18°C with continuous ball 
milling for 60d. This hydrated product, consisting of a C-S-H gel together 
with calcium aluminates, Ca(OH), , etc., was used for sorption studies and was 
always handled in a CO2-free atmosphere. The sorptive power for Cs was 
determined by shaking several grams of the potential sorbate with 500 mg of 
distilled water in sealed plastic containers at 18°C for periods up to 28d. 
Aliquots of solution were periodically removed for analysis. The Cs source 
was either CsC2 or CsNO3 and sorption occurred typically from solutions 
having an initial Cs content of 2-3 x 10°*M. Analyses for Cs by atomic 
absorption were not satisfactory because of the rather small changes in Cs 
concentrations and also because of the need to remove suspended materials 
prior to analyses by filtration: cellulose filtration media were found to 
exhibit significant Cs sorption relative to that of the cement components 
being tested. Therefore, radiometric analyses were used in conjunction 
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with centrifugation to remove suspended matter: the solution was spiked 
with 3*Cs, a y emitter with a half-life of 2.06 yr. Precise liquid aliquots 
were withdrawn using an Eppendorf pipette and the solution clarified by 
centrifugation,during which time C02 was excluded by using a CO2-free glove- 
box. The clear solution, free from sediment, was counted using a T2- 
activated NaI scintillometer tuned to the appropriate energies; 604.7 and 
795.8 keV. 


Results 


Table 2 records the results obtained in terms of counts (disintegrations 
per minute, dpm) from the start of the experiment. Some data points have 
been omitted; only the shortest and longest times, together with selected 
data obtained at intermediate times, are given. During the course of the 
experiment the anhydrous reactants had partially or wholly hydrated: C:A, 
CyAF and C,1A7.CaF2 had completely hydrated, C3S had mostly hydrated, 8C2S 
had partially hydrated, while yC2S remained largely unhydrated at the 
conclusion of the experiment (these abbreviations are defined in Table 1). 


The fine-grained gypsum remained unchanged. The results obtained show that 
(i) the anhydrous clinker phases present in Portland cement exhibit virtually 
no sorption for Cs, (ii) during the course of hydration the zn s¢tu develop- 


ment of hydrate phases does not significantly increase the sorption potential 

and (iii) C-S-H together with Ca(0H),, made in a separate stage and 

, subsequently mixed with Cs-containing solution, does not develop a useful 

a sorptive potential. Thus synthetic C-S-H and C-S-H made from hydration of 
- commercial clinker have similar behaviour towards dilute Cs solutions, with 

neither exhibiting significant soprtion for radiocesium. 













Discussion 





It would appear from the present data that the components of cement, 
anhydrous and hydrous, taken either singly or in combination, do not possess 
significant sorption potential for Cst at solution strengths ¥10"*M: the 
sorption is less than 0.3%. The generally poor sorption potential (but 
not its proximate value) might have been anticipated from the high leach 
rates reported for Cs in previous studies (7). Hydrated cements comprise a 
solid with complex porosity extending to microporous regimes. Therefore 
ions which remain soluble during the setting process, undergoing neither 
crystallochemical incorporation in the structures of the solid phase nor 
sorption on the surfaces, are potentially liable to be leached when Cs- 
containing fluids in the pores can exchange with leachant. 


Nevertheless, the hydration products of cement have very high surface 
areas, typically 10-100m?/g for C-S-H when measured by Nz absorption, and 
their negligible sorption for Cs must indicate that the surfaces of the 
principal hydration products have no sites suitable for sorption of large 
positive ions. Some of the crystalline phases developed in cements, of 
which ettringite is the most important example, have zeolite-like structures. 
The crystal structure of ettringite is known to contain open channels which 
can collect a large range of negatively-charged particles or neutral 
molecules (10, 11). But, as shown, the channels clearly do not afford 
favourable sites for the retention of positive ions. 


Conclusive proof of the low sorptive power of cement phases for Cs is 
important for two reasons. Firstly, leach-rate models are usually designed 
to include a number of parameters, including a factor for sorptive effects. 
It is useful to establish that, for Portland cements set under normal 
conditions, this factor is negligible. Secondly, the intrinsic lack of 
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sorption potential lends additional weight to improving the physical 
properties of cement leading to leaching, e.g. permeability, as well as 
encouraging efforts to improve the sorptive characteristics of cement-based 
systems by tailoring the composition, for example, by adding Cs-selective 
sorbants which can be shown to remain stable in the cement environment. 


Finally, we note that the absence of any mechanism for the removal of 
radiocesium by the cement components and their hydration products enables 
us to follow the rate at which water is withdrawn into the hydration products, 
by monitoring the progressive increase in Cs* concentration in the remaining 
pore fluid. The technique and its application to cement hydration will be 
described more fully in a subsequent paper. 
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DISCUSSIONS 


UNE DISCUSSION DU MEMOIRE "INFLUENCE DE LA 
TEMPERATURE DE RECUIT SUR LA CINETIQUE DE L'HYDRATATION 
DU SILICATE TRICALCIQUE” PAR P. FIERENS, 

KABUEMA Y. ET J. TIRLOCQ* 


John Bensted 
Blue Circle Industries PLC, 
Research and Development Division, 
London Road, Greenhithe, Kent, DAI 9JQ, 
Angleterre 


J'ai lu le travail par MM. Fierens, Kabuema et Tirlocq (1) avec 
beaucoup d' intérét. Ces auteurs ont montré les effets utiles de recuit 
du silicate tricalcique 4 une température comprise entre 800 et 1600°C sur 
sa cinétique d' hydratation, étudiée par la microcalorimétrie. Les 
échantillons traités 4 1000 et 1200°C, qui se distinguent par une teneur 
élevée en chaux libre due 4 une décomposition thermique mais également par 
une courbe de thermoluminescence nettement différente, présentent une 
cinétique d'hydratation plus lente que celle des autres échantillons. Il 
semble donc que non seulement la décomposition thermique partielle mais 
également les characteristiques des défauts de structure du silicate tri- 
calcique pourraient influencer la cinétique de son hydratation. 


Ces idées sont compatibles avec les résultats de Maycock, Skalny et 
Kalyoncu (2), qui ont étudiés l'influence des défauts de structure. On a 
introduit ces défauts par chauffer, tremper ou moudre et la période d' 
induction pendant l'hydratation du silicate tricalcique a été réduite. 
Les auteurs ont conclu que l'existence d'une couche protecteuse hydratée 
sur le surface ne soit pas la cause de la période d'induction et ainsi 
influence le processus d'hydratation, parce qu' elle s'est formée aprés 
l'introduction des défauts de structure. 


Il serait difficile 4 ce moment de faire une extrapolation des 
résultats avec le silicate tricalcique 4 l'alite dans les ciments 
portlands. L'alite n'est pas de silicate tricalcique pur. Réellement il 
y a un nombre infini de différents types - différentes origines et 
variations des matériaux crus, différentes conditions de britler dans les 
fours (3). I1 serait difficile 4 présent pour étudier les effets des 
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défauts dans l'alite pratiquement. Les études par MM.Fierens, Kabuema et 
Tirlocq sont d'une importance fondamentale pour chercher les principes 
basiques qui déterminent lL'hydratation du silicate tricalcique et ainsi la 
base d'application pour comprendre l'hydratation de la phase d'alite dans 


les ciments portlands. 


Bibliographie 





P. Fierens, Kabuema Y. et J. Tirlocq, Cement and Concrete Research 
12(4), 455 (1982). 

J.N. Maycock, J. Skalny et R. Kalyoncu, Cement and Concrete Research 
4(5), 835, (1974). 

J. Bensted et S.P. Varma, Cement Technology 5(4), 378 (1974). 





CEMENT and CONCRETE RESEARCH. Vol. 14, pp. 603-609, 1984. Printed in the USA. 
0008-8846/84 $3.00+00. Pergamon Press, Ltd. 


A DISCUSSION OF THE PAPER "THEORIES OF EXPANSION IN SULFOALUMINATE- 
TYPE EXPANSIVE CEMENTS: SCHOOLS OF THOUGHT," BY M.D. COHEN” 


Bryant Mather 
Chief, Structures Laboratory 
U.S. Army Engineer Waterways Experiment Station 
Box 631, Vicksburg, Mississippi 39180 USA 


Dr. Cohen seems to believe that when expansion results from the formation 
of ettringite in hardened cement paste, mortar, concrete, or grout, there are 
only two "schools of thought" available to describe how the ettringite forma- 
tion results in an increase in the dimensions of the system. 


I disagree. J do not believe the observed increases in dimensions of 
systems made using types M, K, and S' expansive cement or of systems undergoing 
Sulfate attack must be explained either as "crystal growth pressure" or "water- 
adsorption and swelling" of gel. 


Polivka (1973), discussing expansion of expansive cements, wrote that 
"formation of (ettringite) is accompanied by a large increase in volume and is 
the basic mechanism of expansive cements ... Ettringite starts to form as soon 
as water is added to the cement ... and continues to form ... until the S03 or 
Al203 is exhausted." ACI Committee 223, in 1970, wrote (Section 2.1) "forma- 
tion of ettringite is the source of the expansive force." In my discussion of 
that report (Mather, 1971) I noted that "The report states (Section 1.1) that 
‘much is yet to be learned about the mechanism and chemistry of expansive 
cement ...' The report also states, in the last paragraph of Section 2.6, that 
'Unequivocal proof has not yet been established on the mechanism of formation 
of the expansive phases resulting in expansive forces. It is, however, probable 
that ettringite crystals when surrounded and restrained by reaction products 
grow in size and thereby are responsible for the development of stresses.’ 


"In the same issue of the Journal in which the report appears, there is 
also a discussion by Brown (1970) of the paper by Kalousek and Benton and the 
authors' closure to this discussion. These contributions concern themselves 
with the mechanism of ettringite formation and the origin of the expansive for- 
ces associated with that formation as this subject relates to the mechanism of 
Seawater attack on cement paste. Anyone concerned with the explanation of how 
expansive cement gets to be expansive would benefit from a study of this dis- 
cussion and the closure thereto. 

"T believe that the expansive forces that are usefully generated when ex- 
pansive cement is used in concrete can not begin to manifest themselves until 
after a certain degree of rigidity has been developed by setting and hardening 
in the concrete. It is then, I believe, that the formation of ettringite from 
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anhydrous calcium aluminate, hydrated calcium aluminate, or unhydrated calcium 
aluminate sulfate proceeds by the in-place conversion of these aluminum-bearing 
substances to ettringite. The mechanism by which this development of ettring- 
ite, in situ, produces stress is regarded as entirely analogous to the mechan- 
isms by which a balloon expands when gas is placed in it or to that by which a 
water-filled container tries to expand when the water in it is converted by 
freezing into ice (Bache and Isen, 1968); namely, there is a larger volume of 
substance than there is volume of space to contain it and the substance is in- 
adequately compressible by the restraint provided by the walls of the space; 
therefore, the space enlarges. My inclination, therefore, would be to reword 
the sentences quoted from Section 2.6 of the report as follows: 


"Many details of the mechanism by which the formation of ettringite re- 
sults in the development of expansive forces remain to be fully understood. It 
is known that the volumes of the materials that react to form ettringite occupy 
a greater combined volume than the volume occupied by the solid ettringite that 
is formed. Consequently, the mechanism of ettringite formation and concomitant 
development of expansive forces must involve the alteration, in situ, of a 
quantity of the aluminate (or aluminate sulfate) reactant to ettringite by a 
process that delivers the water and other reactants in solution to the reaction 
Site and leaves elsewhere in the structure some space formerly occupied by 
solution that is no longer fully filled with solution. The expansive force 
developed by the conversion of the aluminate (or aluminate sulfate) to ettring- 
ite is related to the relative volume of the aluminate (or aluminate sulfate) 
reactant to that of ettringite and the restraint provided by the surrounding 
matrix. ' 

In its closure the committee said: "While there is no objection to the 


Suggested wording as applying qualitatively to the development of forces by the 
expansive solids within the porous matrix, it illustrates the difficulties of 
the quantitative determination of possible expansions. For instance, in a Type 
K expansive cement concrete having a fairly low water-solids ratio of 0.3, the 
stoichiometry of the reactions involving ettringite formation could be repre- 
sented as shown in Table A. 


“Accordingly, the increase in the volume of solids on complete hydration 


43 - (235 + 368 + 10 
eS SSeS te x 100 = 8 perewit 
(235 + 368 + 101 + 609) 


\ 


"While the mix water is (610 + 1088 + 336) x 0.3 = 609, complete ettring- 


ite formation as per stoichiometry of the reaction would require (1674-609) = 


1065 g of curing water. Even when larger quantities of mix water are used in 


the concrete, it is not accurate to consider it a part of the reactants as far 


TABLE A - STOICHIOMETRY OF REACTIONS FOR ETTRINGITE FORMATION 


ag 


Property — CyA3S + 8CS + 6C + 32" H (aq mixing) + _agASeyy_ 


Molar/weight 610 1088 336 3708 
Density 2.8 2.96 cK 1.¢3 
Molar volume cm> 235 8 101 2143 


* 


I believe this should be "96" 
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as volumetric changes from the anhydrous phase to the hydrate which actually 
produces expansion are concerned. 


"It should be emphasized that both in the committee report and Mr. Mather's 
discussion, it is stated that many details of the expansive mechanisms remain to 
be fully understood. Considerable expansions under conditions of restraint are 
found when pastes containing monosulfate hydrate (C4ASH]g) and gypsum are con- 
verted to ettringite. Also, the question of whether development of expansive 
forces results from through-solution crystallization pressure in confined spaces 
or in-situ hydration and growth of crystals has not yet been convincingly re- 
solved. The committee, therefore, does not feel it should reword the report as 
Suggested by Mr. Mather. ... Thermodynamics shows that there is available a 
very large amount of free energy, about 55 kcal/mol of ettringite (formed from 
C3A) which equals about 169,000 ft-lb of work (1.0 kcal = 3080 ft-1b). 


"The potential expansive force developed in an expansive concrete may be 
computed from the free energy change and increase in volume. (This computation 
applies only to Type S cement; the free energy changes are not available for the 
other two types of cement, but probably are of a similar magnitude.) The fol- 
lowing problem involves 1 cu ft of concrete (before expansion) and a linear ex- 
Pansion of 1 percent. It is assumed that the total increase in volume is due to 
ettringite crystallization in totally confined spaces and, therefore, the volume 
of expansion equals the volume of expansive ettringite. (It is to be understood 
that a substantial amount of ettringite formed in the still plastic paste and 
also, later, in voids without causing expansion.) The volume increase in the 1 
cu ft of concrete in the problem is 55 cu in. (902 cc) which equals 1590 g (1.27 
mols) of ettringite. The formation of the 1.27 mols supplied 70.4 kcal of free 
energy which equals 217,000 ft-lb of work acting in three directions. The work 
in one direction is therefore, 72,300 ft-lb/ft2 or 492 ft-1b/in.2. Force equals 
work/distance. The linear expansion of 1.0 percent represents 0.01 ft distance 
through which the potential force would have acted. Therefore, the expansive 
force is 49,000 psi. A similar computation, except that no assumption is needed 
on the volume of ettringite formed, for conversion of 1.0 cu ft of C3A to 8 cu 
ft of ettringite gave a value of 47,000 psi as the potential expansive force. 
The 1:8 ratio of molar volumes of C3A to ettringite is definitely known. This 
stress is not developed as such; it is the stress which would have to be applied 
triaxially to the concrete to stop the ettringite reaction. Mehta and Klein 
(1966) described an experiment in which the strains caused by formation of et- 
tringite from C4A3S in an appropriate container was indicative of a stress of 
35,000 psi. The relatively close agreement between this value and those just 
given, and considering the difference between the two systems and methods, ap- 
pears to justify the conclusion that ettringite formation in a confined space is 
potentially capable of developing very high forces. 


"The hypothesis of expansive force development presented in the committee 
report was selected because it has no apparent contradiction with laws of chem- 
istry, particularly of thermodynamics, and physics. The other proposed hypoth- 
esis did not appear to fully meet this requirement. Another compelling reason 
for selection of the hypothesis was the very high lattice energies of crystal- 
line compounds such as ettringite, possibly in the order of several hundreds 
kcal/mol. The ultimate source of the expansive force may be visualized as orig- 
inating from the powerful electrostatic attractions existing between charges on 
sites of the pristine surface of an ettringite crystals and ions of opposite 
charge in the solution. These are Coulomb forces and vary inversely with the 
Square of distance between the two charges. The chances for attracting an ion 
from solution to a site on the growing crystal against the resistance of the 
Surrounding hydration products in intimate contact with the crystal, appear 
highly favorable because of the high strength of the forces of attraction oper- 





Mather 


ively long distances. The fundamentals of the process of at- 
sion as function of distance between charges are similar to 
Philleo (1966) in explaining the origin of concrete strength. 


rding the gross features of the mechanism by which ettringite forma- 
it is interesting to note that both Mather and Mehta are 
agreement with the mechanism proposed earlier by Kalousek and Benton 
Since neither Messrs. Mather nor Mehta, however, propose an alterna- 
1ation on the fundamental origin of the expansive force, only the 
the mechanism appears to be controversial." 


discussion of the effects of seawater on concrete (Mather, 

reactions involving magnesium sulfate with calcium aluminate 

1968 I quoted Hansen and Offutt (1962) on the volumetric re- 
tricalcium aluminate (C3A) plus gypsum to ettringite, as 


+ 3Ca0-A1,0,-3CaS0,-31H,0 


714.7 (46.4) 


8 
The numbers in the first line below the equations are participating volumes. 
The number in parentheses at the right is the volume added to that on the right 
Side of the 9 a to make its volume equal to the sum of those on the left; 
thus this reac involves a net reduction in volume of the reactants. The 
second line mbers compares the relative volume of anhydrous C3A and the 
volume of cal cium aluminum Sulphate formed from it by sulphate reaction; the 
increase 


Tn 7 


In 1969 reviewed these rela 
related to th mation of hydrated sul Ss in concrete, or in aggregates, 
cement paste: r mortars, have been inve gated for aig years for a variety 
of purposes. | cyclic immersion of aggregate particles in solutions of sod- 
jum or magnesium sulfate, followed by drying, is the basis of one of the oldest 
canines: 2amployed to develop data tay gest to relate to aggregate ‘sound- 
ness.’ The storage of mortar specimens in Sst Pata ns is the basis of 
many tests for sulfate resistance 
cedures in which sulfate is added 
stored in water are in widespread 
procedures employed in studies of 
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tions, again noting that "The phenomena 
fates 
estic 
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‘Sulf te-resistance testing pro- 
mortar and “the | nortar specimens are 
These latter procedures are similar to 


nsive cements ... When an expansion oc- 
urs, it iS because the hydrated sulfa es that are formed ... by reactions in 
ace, occupy a larger volume than was a 
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available and hence exert stress on 
yundings. The stress so exerted produces elastic and inelastic 
1itudes and proportions depending on the level of stress, the 
properties of the system, and the geometry of the specimen. All of 
ulfates of interest are crystalline to some degree; consequently, 
referred to as crystallization, and an increase in the 
may be referred to as ‘crystal growth.' The stresses 
ion have been referred to as resulting from crystal 
es accompanying the freezing of water have been re- 
ice crystal growth. The facts that the substances 
é ; 2n increase in the amount present involves crystal 
growth are of minor significance to an understanding of the mechanisms by which 
such formation produces stresses which induce the strains that are observed as 
expansions icl 


I Space occupied in an aggregate particle or in a sample of mortar, 
cement paste, or concrete by a quantity of a hydrated sulfate after equilibra- 
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tion of strain had been occupied by a liquid or gas that had exerted the same 
stress under the same conditions of confinement, the final volumetric relations 
of the system in which it existed would be the same. The relevant phenomenology 
of the sulfate soundness test of aggregates, the various sulfate susceptibility 
tests for pastes, mortars, and concretes, the various expansivity tests for ex- 
pansive cements, tests for resistance to freezing and thawing, tests for the 
potential expansivity caused by chemical reactions of alkalies and aggregates, 
tests for oxidation or hydration of aggregate or cement constituents or embedded 
corrodible metals does not primarily depend on whether the products formed are 
crystalline or noncrystalline. The relevant phenomenology concerns the specific 
volume of products formed, the amount of products formed, the compressibility of 
the products formed, the restraint imposed by the surroundings, and the rate of 
formation of the products. 


In the case of ettringite, it has been observed that, if one takes the an- 
hydrous analogue of this material (C4A3S) plus calcium sulfate and calcium oxide 
and packs it tightly in a container capable of providing a very high level of 
volumetric restraint and then allows it to hydrate in place, the strains ob- 
served in the container can reach levels indicative of stresses of the order of 
50,000 psi. 


"Aroni et al (1966) note that it was Michaelis (1892) who first attributed 
the disruption of concrete, when attacked by aggressive waters containing sul- 
fates, to the reaction between C3A and sulfates to form ettringite. They note 
that the useful feature of this reaction to the application of expanding cement 
to chemical prestressing is the high energy of the expansion; i.e., its ability 
to perform work and expand under restraint. They also note that there is little 
in the literature on the basic phenomena of crystal growth under pressure. As 
did Schaffer (1932), they refer to the work of Becker and Day (1905), but do not 
appear to have rejected the hypothesis. They refer to the conclusions of Hansen 
(1963) and Taber (1916) and ask what the applicability of these conclusions is 
to expanding concrete. 


"Hansen (1963) reviewed the literature relating to the phenomenon of crys- 
tal growth as a source of expansion in portland-cement concrete. He begins his 
review with the statement that 'portland-cement pastes expand during setting and 
hardening, whereas they would be expected to contract because the volumes of the 
hydrated phases are less than the sum of the volumes of the water and the react- 
ants forming these phases.' He refers to the work of Becker and Day (1905) and 
attributes the observed ability of a growing crystal to lift a weight as a con- 
sequence of the existence of a film of solution beneath the growing crystal, the 
concentration differences in the solution, and the relation of solubility of the 
crystal to the pressure on it. He cites the conclusions of Taber (1916), both 
with regard to these circumstances and with regard to the relations of crystals 
growing in porous media having a range of pore sizes. Taber showed that crys- 
tals growing in larger pores will receive material from the solution in the 
smaller pores and grow at the interface between liquid and crystal. Hansen con- 
cludes that theories that attribute expansions in concrete to crystals growing 
from solution against one another do not appear to be realistic. He describes 
two conditions under which a crystal may grow and exert pressure on materials 
Opposing its growth. One is the condition in which a weighted crystal rests on 
the floor of a container on a film of solution that is supersaturated with re- 
Spect to the bottom face of the crystal. The other is the condition in which a 
Single crystal fills a container that opens into another container filled with 
a solution supersaturated with respect to the film of solution supporting the 
crystal. He mentions last the rehydration of a partially dehydrated solid ex- 
posed to water vapor, noting that in this way, crystals can grow without the 
presence of liquid water. 
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"Schaffer (1932) wrote 'There is considerable doubt as to whether or not 
the axial growth is actually associated with a force. Correns (1926) concluded 
that the so-called crystallization forces, which cannot be explained by volume 
increase due to a change in phase, may be explained on the basis that super- 
saturated solution is drawn into capillary space between the crystals and the 
adjacent matter by surface tension forces. ' 


"Wellman and Wilson (1965) wrote: 'The fragmentation of rocks by the crys- 
tallization of salts ... is important in a restricted range of environments and 
produces distinctive topographic forms ... The chemical free energy of a given 
mass of solid increases with its surface area. Therefore, any system tends to 
reduce the area of its interfaces to a minimum, and in a system containing cry- 
stals in equilibrium with a saturated solution larger crystals will grow at the 
expense of the smaller. It is less obvious why, when the larger crystals en- 
tirely fill a pore space, they continue to grow against the constraint imposed 
by the walls of the pore, expand the pore and fragment the rock ... a large 
rock pore will be enlarged provided that the surface tension of the salt times 
the dA/dV of the micropores is greater than the mechanical strength of the rock. 
Thus for rocks of equal mechanical strength, those with large pores separated 
from each other by microporous regions will be most liable to'such internal ex- 
pansion. 


I conclude that when you put more than one unit volume of anything in a 
restrained three-dimensional space having, initially, a size of one unit volume 
something has to give; either the quantity added must reduce itself in amount 
(some leaks out) or in volume (it is compressed) or the space enlarges either 
elastically or inelastically without rupture or it cracks. The question of 
whether or not the volume of something that is placed in the space is put there 
intentionally as blowing up a balloon; or unintentionally as rusting of rein- 
forcing steel in a concrete bridge deck; or whether or not the larger volume is 
of the same chemical composition and physical state as the smaller as liquid 
mercury in a thermometer at higher and lower temperature; or different in physi- 
cal state but not in composition as ice and water; or crystalline as ice or non- 
crystalline as liquid mercury; or different in composition as C3A and ettring- 
ite is always interesting but does not explain how the force is produced. In 
the case of expansive cement the expansion occurs because as water, calcium 
ions, and sulfate ions proceed to the reaction site through the permeable pore 
Space in the cement paste to the C3A particle surface replace those used in sul- 
fating and hydrating the C3A to ettringite, the volume of ettringite formed per 
unit volume of C3A used is in the ratio of 8:1. The fact that the ettringite 
is crystalline or colloidal is irrelevant, hence the argument that one must 
choose between Dr. Cohen's two schools is not valid. 
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A REPLY TO A DISCUSSION BY B. MATHER OF THE 
PAPER ''THEORIES OF EXPANSION IN SULFOALUMINATE- 
TYPE EXPANSIVE CEMENTS: SCHOOLS OF THOUGHT '* 


M.D. Cohen 
Department of Civil Engineering 
Northeastern University 
Boston, Massachusetts 02115 


The interest and comments of Mr. Mather on my paper are 
appreciated. Mr. Mather seems to disagree that expansion in 
types K, M and S expansive cements may be explained by the 
Crystal Growth Theory or the Swelling Theory, both of which 
emphasize the crystalline characteristic of ettringite. In 
his discussion, Mr. Mather also suggests that it is irrelevant 
as to what the characteristic of ettringite is and that elucid- 
ation of the expansion on the basis of volume increase suffices. 
In his comments, Mr. Mather raises some important issues. How- 
ever, his arguments are not substantiative. 


The fact that expansion is associated with volume increase upon 
C,A or C,A,S- ettringite transformation is not disputed by either 
theory. ‘Hdwever, this volume increase by itself does not comp- 
letely elucidate the expansion mechanism (1). A.P. Laurie (2) 

in explaining the breaking up of stone by formation of calcium 
sulfate crystals wrote; 


"...this has been attributed to the fact that, 
equivalent for equivalent, the calcium sulfate 
crystal occupies a larger volume. But I do not 
think this (volume increase) is the main cause 
---It is the persistent growth of the crystals 
in certain layers or pockets which ultimately 
breaks up the stone." 


In view of the above statements, I would like to suggest the 
following equation for the total volume of ettringite produced 
at time t; 


* CCR 13, 809-818, 1983 
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or simply, 


Pe aii aie be do pes Wer ae a (b) 


where N is the total number of ettringite particles at time t, 
and L and A are, respectively, length and the cross-secti 
area of a single ettringite particle at time t. To avoid 
complexity, I am assuming all ettringite particles to be iden- 
tical. Differentiating (b), 


ave = Al. On + NAL GE +" NDCOA ccs 6k s Sis ord ob Ce) 


Equation (c) indicates that volume increase of ettringite may 
be accompanied by increase in the number of et 
icles dN (first term), by growth in length dL 
by growth in cross-sectional area dA (third t 
ettringite particle. Now, which of these terms dominates and/ 

or contributes to the expansion of the hardened paste or concrete 
is the major issue that differentiates between the different 
theories. If expansion occurs by swelling of colloidal ettring- 
ite, then the first term (AL dN) may dominate. If expansion 
occurs by crystal growth or crystallization pressure, the second 
term (NA dL), and possibly the first (AL dN) may dcud wats: The 
role of the third term (NL dA), increase in cross-sectional 

area, has not been discussed much in the literature. Thu 
volume increase is a function of the characteristic of et 
ite and any change may lead to a different amount of expa 





The calculated volume increase from the stoichiometric equations 
depends primarily on the molecular weights and densities of the 
materials involved. The molecular weights are determined theo- 
retically but the densities experimentally. The calculated 
volume increase is therefore dependent on the method used, lab- 

a 


oratory conditions, and on the characteristic of the materials 
involved. For example, if a product is crystalline, it should 
have a larger density than its amorphous counterpart. As a 


result, the calculated volume increase would be smaller. THUS; 
contrary to Mr. Mather's assertion, expansion based on volume 
increase must depend on the characteristic of ettringite. 


(Vv 


In further support of his arguments, Mr. Mather suggests that 
since the different tests that he mentioned do not "primarily 
depend on whether the products formed are crystalline or non- 
crystalline", then one can conclude that this characteristic 

is not important. This statement is invalid. None of these 
tests are intended to explain the mechanisms involved. Had they 
been, this characteristic could have been important. Moreover, 
presumably, the group of experts involved in design ning such 
tests had a thorough understanding and appreciation of the 
importance of the crystallinity of the ‘products rereel or 
involved in each test. 
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That ettringite can impose a very high expansive stress or 
potential has not been disputed by the two schools of thought. 
The calculated value of the expansion based on the thermodynamic 
calculation could depend partly on the crystallinity or non- 
crystallinity of ettringite. The reason is that any change 

in this characteristic could change the values of the free 
energy, the volume increase, and therefore,the calculated exp- 
ansive stress. 


Mr. Mather has the impression that I am suggesting one has to 
choose one of the two theories in search of an explanation for 
expansion. This is not so. The purpose of my paper is indic- 
ated clearly by the title and in no way have I attempted to go 
beyond a review of the theories involved. In conclusion, 

based on the literature, I stand with my belief that expansion, 
thus far, has been explained by two major theories, Crystal 
Growth and Swelling, both of which emphasize the crystallinity 


of ettringite. 
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The 7th International Conference on Cement & Concrete Microscopy will be held 
from March 25-28, 1985, at the Americana Hotel, Fort Worth, Texas, USA. The 


topics to be covered at this conference are: 


1. Microscopic structures of building materials, including: lime, gypsum, 
light and heavyweight aggregates, cement, concrete, slag, flyash, silica fume, 
etc. 

2. Microscopic structures of the different types of cement clinker pro- 
ducts and hydration. 

3. Effect of additives on the microstructure of cement and concrete and 
the relationship between the microstructure and concrete strength. 

4. Application of different types of microscopes for the quality control 
of clinker, cement, concrete, etc. 

5. X-ray diffraction analysis of Portland cement and related materials 
and the relationship between the microstructure and the mineralogical composit- 
ion. 

A workshop demonstrating the practical application of various microscopes wil] 
be included. An exposition of the different types of microscopes will be pre- 
sented. 


Authors should send abstracts, no later than November 15, 1984 to: 





Arturo G. Nisperos, Material Service Corp., 901 N. Sangamon St., Chicago, 
IL 60622 (subjects dealing with microscopy of concrete and concrete-making 
materials). 

James Bayles, Coplay Cement Co., Nazareth, PA 18064 or Dr. George R. Gouda, 
Kuwait Inst. for Scientific Research, P.0. Box 24885, Safat, Kuwait (subjects 
dealing with the microscopy of cement and clinkers). 


The text, typed according to the instructions of ICMA is due by Jan. 31, 
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WASTE CEMENT DUSTS AS ACTIVATING AGENTS 
FOR RUBBER COMPOUNDS 


Andrzej Krysztafkiewicz and Marek Maik 
Institute of Chemical and Engineering Technology 
Politechnika Poznafiska 
60-965 Poznan, Poland 


(Communicated by D.M. Roy) 
(Received May 13, 1983; in final form May 


The possibility of substitution of an expensive zinc oxide by the 
waste cement dusts used in the character of the rubber compound 
activators were shown. The chemical constitution and the physico- 
chemical properties of the used cement dusts were investigated, 


well as the physico-mechanical parameters of the vulcanizates whi 
had these cement dusts, were determined. Some good strength prop 
ties were found for the vulcanizates which had the cement dusts. 
results show a real possibility of the elimination of zinc oxide a 
an activating agent of the rubber compounds, and of substitution 
one of the waste cement dusts. 


Introduction 


We can find more and more publications which deal with the utilization of 
the fine waste cement dusts instead of zinc oxide (1,2). Calcium oxide and mag- 
nesium oxide, as the components of cement dusts, are commonly believed to play 
the role of the inorganic accelerators of the sulphur vulcanization process of 
rubber compounds. The modern rubber technology uses magnesium oxide mainly for 
compositions based on the elastomers that contain halogens in their molecules 
(3). The replacement of zinc oxide with magnesium oxide, e.g. in butyl rubber 
compounds, leads to higher tensile strengths of vulcanizates (4). The aim of 
our investigations was to find out whether zinc oxide, which is comparatively 
expensive, could be substituted by some waste cement dusts. Moreover, the 
Polish steelworks zinc oxide is often a substrate which has the heterogeneous 
grain size distribution and a tendency to the sinter formation in rubber com- 
pounds that has a disadvantageous influence upon the properties of final vulcan- 


izates. 


The production of cement and great amounts of waste dusts are inseparable. 
The sources of these dusts are grinder assemblies, which grind cement, driers, 
cement kilns and transporters of different kinds. The use of dust collectors, 
which suck air or gases off installations and then separate dusts, is the effic- 
ient means of dust removal. 


In this work, we examined the dusts which had been removed in "“Nowiny" and 
"Opole" cement plants by multicyclones. 
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Experimental 
To begin with, we examined the chemical constitutions and checked if the 


waste dusts were homogeneous substrates. The metal, mostly Cu, Pb and Mn ion 
contents which were in micro quantities in the dusts, were determined by the use 
of atomic absorption method. The homogenity of the waste cement dusts is a 
basic feature which plays a predominant role before introducing the ones to com- 
sounds based on synthetic or natural rubbers. 


At the same time, the analogous examinations of zinc oxide used as the act- 


the 
oe agent in the rubber compounds and which was substituted, partly or tot- 
r the examined waste cement dusts, were carried out. 


for 
U 


pH of water extracts were determined potentiometricly after 4% dispersion 
\f the examined samples in distilled water were made. Specific surfaces were 
determined by the use of chromatographic method (5). The amounts of adsorbed 
nitrogen were calculated from desorption peaks because of their greater symmetry. 
The degrees of dispersion for all the samples were examined by the use of Sar- 
torius sedimentation scales (6). The x-ray examinations of the cement dust sam- 
ples were carried out using the HZG-3 horizontal diffractometer with the TURM-62 
generator. 
radiation with the nickel filter was used. The dust samples were 
before they were inserted into the apparatus. The observations of prep- 
under a microscope were carried out using the intermediate single-stage 
ethod (8,9) which is very precise in reflecting examined objects, has a 
~esolvina power, a good transparency in an electron beam and a relatively 
tability. The objects, 20-30 thousand times magnified, were filmed by the 

Over-exposure electronic microscope (Jeolco - Japan). 

The waste cement dusts underwent an additional operation of pulverization 

jet-circulation mill, JET MIZER see model made by the USA, in order to ob- 

precise homogenization of the products. 

The next step was to substitute zinc oxide in rubber compounds based on the 
ubber, RSS, and the butadiene-styrene, Ker 1500, produced by Zaklady 
Ganesin, for the prepared cement dusts. In the case of the RSS rub- 

used amounts of cement dusts which contained zinc oxide in quantity that 
proximately equal to that of zinc oxide which was hdl to the rubber 
The rubber compounds were prepared in laboratory rolling mill at the 
mperature of ca 60°C and vulcanized at the temperature of "143°C and under the 
pressure of 150 atm. In the case of the Ker 1500 rubber, the compound ratios 
were in agreement with the standard (see Table 1) 

The rubber vulcanizates underwent resistance tests according to appropriate 
standards, and the amounts of unbounded sulphur as a function of time were deter 
mined. Sulphur was determined according to the previously elaborated thin-layer 
chromatography method (10,11) 


ults 


sults of the chemical analysis of the waste cement dusts and the used 
de, as well as the results of physico-chemical property tests are placed 


The results of an additional absorption analysis of trace amounts of some 
metals which have a negative influence on the properties of yulcanizates are 
Shown in Table 3. 

The data of the degree of fineness analysis of the examined waste cement 
dusts and zinc oxide, as well as the results of the sedimentation analysis of 
the cement dust from the "Nowiny" cement plant, which were previously jet milled, 
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The data analysis (Table 5) shows a negative influence of amounts of the 
cement dusts on the tensile strengths. It must be stressed, however, that the 
natural rubber filled even with reinforcing filler, diminishes its strength par- 
ameters. 


The investigations show that a small amount of zinc oxide in cement dusts 
makes it necessary to add a certain amount of the former one. The added amounts 
of cement dusts, which recompense the absence of ZnO, should not be too big so 
as not to play the part of inert fillers. 

Table 6 shows the highest values of modulus for the vulcanizates which con- 
tain 5 parts by weight of waste cement dust and only 1 part by weight of ZnO. 
The samples which contain no zinc oxide have also good modulus. For example, 
M-300 sample has the modulus of about 10.0 MPa. The best tensile strengths dis- 
tinguish III and V compounds which have 3 and 5 parts by weight of ZnO respec- 
tively and 5 parts by weight of the dust. The values of their parameters are 
18-19.0 MPa which is greater than the one for the I compound, approximately 17.5 
MPa, with no cement dust and 5 parts by weight of ZnO. The VI compound with no 
zinc oxide also has a considerable, 16.0 MPa, tensile strength. 


Tensile set, E+, is nearly the same for all of the samples but for the vul- 
Ccanizate with no zinc oxide. For the last one, they are slightly higher, yet 
smaller than the ones in the standard. 


The tearing strengths, Ryq, vary similarly to those of the tensile strength, 


Le with the highest values for the III and the V vulcanizates. The flexibilities, 
F, decrease when the amounts of cement dust increase. 





Conclusions 


Waste cement dusts are good substitutes for zinc oxide in rubber compounds. 
It is possible to eliminate entirely zinc oxide as the activating agent, from the 
rubber compounds based on the butadiene-styrene rubber, Ker 1500. In order to 
diminish the usage of ZnO and take advantage of waste cement dusts, a certain ] 
part by weight of ZnO for 5 parts by weight of cement dust, is suggested to be 
added. 


The rubbers with addded cement dusts, in the above amounts, have good 
Strength parameters and sulphur indroduced during the rubber compound preparat- 
ion process is nearly completely bound. These good results of the investiga- 
tions may be explained by the presence of various metal oxides, mainly CaO and 
MgO, which have a positive influence on the formation of stable bonds with sul- 
phur during a vulcanization process. 
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tion, corresponding to one point on the hydration curve. Thus i 
stood, that the development of hydration of a single particle ca 
be discovered by the hydration curve. For materials with a broad p 
cements it can be shown by numerical means, that only gross featurt 
netics governing the hydration of a single particle, may be discove 
hydration curve. A change for instance from constant rate kineti 
reaction controlled kinetics, both being linear kinetics, make O 
change in the hydration curve obtained by calculation. This importsé 
tion will be designated the "dispersion rule". 

Thus the influence of psd may be considered a complexity in th 
hydration kinetics per se. On the other hand, in attempts ti de | 
development of cements it constitutes a simplifying factor. cord 
dispersion rule differences within a size class in morphorlogy, 
position etc. can hardly be recognized in the hydration curve. The 
tion curve is sensitive mainly to the psd (with the « sption ment 
and the psd-curve for tube-milled products is smooth and simple 

Now what is left of kinetic information in the hydration curv 
Mainly two features: 

1) When hydration curves are plotted as function of log-t, the 

of the curve on this axis determines the value of the rate- 
The situation is more complicated wher rate-constan 
hydration development). 

2) The two important groups: linear and parabolic kinetics, can 

nized in the hydration curves. 
In order to appreciate the last point one ould note that Ll kine 
leaning on the shrinking-core model contain the variable »t and 
particle size, time and the rate-constant respectively, in eitt 





This fundamental difference between linear and 

"overrides" the dispersion rule since it constitute: difference i 
r and t enters the kinetic equations. The fact that and t ent 
equation in ratios is not a mere coincidence. It is a result of shi 
kinetics, and it guarantees that reaction curves belonging to diffe 
le sizes never cross. While the dispersion rule may be said to be 
responsible for the simplicity in modelling hydration with the dis; 
the simplicity is also the result of a deliberate limitation in it 
lidity. As can easily be verified by noting the form of the disper! 
this model does not give a correct description of the early accelle! 
of the hydration curve, i.e. the interval O0-15% is outside the react 
del, and should be left out in numerical work with it. The model in 
sented form models this part by shifting the zero-point of time to 
agreement in the range O-15% can be obtained by using a more corre 
for psd (see eq.2 in ref. 1) than used in the derivation presented 
per. But the new parameter entering the model, as a result of thi: 


of the formula for psd, depends only on the 
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utlines of the derivation of the dispersion model of hydration. 


the earlier mentioned effect of the dispersion of particle sizes the 
modelling cement hydration is the transformation from single 
hydration of the total ensemble of particle sizes. 


e 
independent reactions of particles this transformation may be re- 


. 
Ye 


Ff the ensemble of particle sizes, w(r) is 
the degree of hydration of a particle of sizer. 


hydration in the literature has been concer- 
mparison to experimental data has often been 

is the mean particle size of the material in 
procedure may be very misleading, if the psd of the samples 
iently 1 ; (2). Theories involving specific assumptions as 
with hydration data from narrow-si- 
data presented by Kondo and Ueda in 
as far as modelling with r=r is con- 


nly author who earlier suggested a solu- 


\umerical (5). He used a log-normal distri- 
index-of-reaction equation for a(r,t), 
series-development, which can hardly be cal- 
word. 
in suggesting analytical solutions 
suggestions, so far, as to the form 
that time on the a(r,t)-curve is a 
a curve, composed of an ascending part and a con- 
simple analytical form, suitfull for the so- 


re property 


linear 
parabolic 


" " 


classical 
thereafter ascends more slowly towards 
It is a convenient mathematical form for the solution of 
direct physical interpretation can be given of it. A choice 
t) which disregards a physical content, is relying on the 
says that the hydration curve is insensitive to the form 
is important, is that the independent variables should 
nation as given by eq.l. This is not the whole truth though: 
rsion rule should be seen in the light of the convolution 
in (1), but a closer evaluation of this point is outside 
this introductory paper. 


constant. This form resembles quite closely the 
of hydration, but 
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Wir) 


As to the form of w(r) appearing in the integré 
incidence, that the psd of tube-milled 


r f 4, 
prodaut { 


95% of its range by a form as simple as: 


where rg is a constant in the equation depending 


ted for the integration (eq.2) with a t 
is the lack of agreement for the finest 
that it leads to infinite specific 
consequence though, since experiments 
Blaines measure of fineness (6). 


Solving the integral 





By insertion of eq.3 and eq.4 
solution: 


for linear: 


for parabolic: 


Both eq. 5a and eq.5b are simple hyperbolas in t and 

dependency in eq.5a is well-known in drying shrinkage 

suggested a few times for modelling the strenght developmen 

Why it has never found wide-spread application in 

delling may be due to two reasons. Firstly, eq.5a covers 

tion curves encountered in practice. The other group ob 

important. We find that hydration curves for normal Por 

by eq.5a, whereas eq.5b should be used when modelling t 

of for instance white cement. Secondly, the importance 

zero-point for time has not been recognized in much mat 

hydration (10), (Carino in ref. (9) correctly introduces 

eqs.5 depends on the correct choice of zero-point. Thus 

eqs.5 is "reaction time", and should be understood a: «t., where t_ is the 

from mixing. The reason for the introduction of t, in modelling of hydration 

the obvious one, that the dormant period is not included in the modelling, 

cept as a delay in the start of the hydration development. n the equations to 

follow t, will appear explicitly and t takes on the meaning of time from mixing 
In most practical cases the use of eqs.5 is dependent on another adjustable 

parameter besides t, (or tj) and tg. This parameter appears in connection with 

the definition of a. Since very few data in the literature contain direct mea- 

surement of a (as obtained with XRD), properties like heat evolution, non-eva- 

porable water, chemical shrinkage, etc. have to be relied on. fh 

data for the modelling of hydration require a knowledge of P the propert 

sured after infinitely long time) or the estimation of this parameter by 


use of such 
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sting a=P/P,. until the best fit with eqs.5 is obtained, How this is done in prac- 
tice will be described in the following chapter. 


final form of the dispersion model 








For the purpose of arriving at the final form of the dispersion model we pre- 


wt | — = P/(P_._p), and t in contrast to eqgs.5 take on the meaning of 

t m mixing, since t, is now explicitly entering the equations, Written in 
thi ay the designation linear and parabolic take on a direct formal meaning, 
besides refering to the underlying kinetics. A is called by us the hydration 


mical shrinkage of Portland cement 
he fusion of eq.6a and eq.6b to the 





ng che 
t 








Eqs. and 6b are still contained as limiting cases of eq.7, when either t, o: 
t > on the value . } 
x he hydration experiment with a CaCl, showed, that by adding from 
2 to 6% by weight of cement, kinetics changed from linear (eq.6a) to parabolic 
eq.6b). In between none of these limiting cases could produce satisfactory 
fits. The combinatory eq./ gave excellent fits for all additions: 2,4 and 6% 
Neri ge 1). The param and t? changed in this interval in such a way, 
that e ratio t)/t,+t its value from approximately 100% to approxi- 





mately 0%. We defined this ratio as degree of linearity:DL. 


Ihe derivation of eq./ from first principles is not complicated, but will 
I be iven in this paper. I: f two separate resistances de- 
pt n the linear and paral series-coupling as with re- 
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t important to stress, that although 
the form for eq.7 is such, that the parabolic element t.A* will be governing 
f iently long times, numer hydration curves modelled by us could 
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>] in modelling hydration curves for 
in this paper, except for the example presented in fig.1l. Reference will be 
made to earlier presentations concerning the applicability of the dispersion 
model in the form of eqs.6 (1,2,12), and to a recent Ph.D. thesis for a more 
thorough documentation including the final form eq.7 (] 
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Ihe dispersion model of hydration, as given in eq.7, presents itself as a 






parabola in A and t. The fitting to experimental data may therefore be performed 






as a simple polynomial regression, higher order than 2 being discarded. The pa- 

rameter P,, entering the definition of A, can be determined by stepwise, re- 

peated regression calculations until a value of P,, produces a minimum in the 

residual variation calculatec 
t 








J at each step. As mentioned in the introduction, 
points belonging to the interval O-ca. 15% in degree of hydration should not 
be included in the modelling. 

Our experience with regression analysis using eq./ has shown, that the cor- 
rect assignment of dependent and independent variables is a crucial point in 
the analysis. We found, that if t is used as dependent and A as independent va- 
riables, too much emphasize is put on points with large t's on the expense of 
the lower part of the hydration curve. Thus for purposes of regression calcu- 
lation we rewrite eq.7: 
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completeness required for successful modelling. The measurement is simple, 


the number of samples studied is not limited by cost or labour. By adjustir 
the sample-size depending on the water/cement-ratio we have found no trouble ir 
securing unhindered suction of water into the samples and thus securing accu- 
rate measurements of hydration. A full documentation of the use of chemical] 


shrinkage in the study of cement hydration can be found in Mette Geikers Ph.D. 
thesis (11). 


Discussion on the mode] 


It is the ultimate goal of any mathematical model of hydration to be at 
to predict the out-come of future hydration exper 
the relations between the factors decisive for the development of hydratior 
and the parameters entering the model should be searched for. In the case of 
the dispersion model two important relations are built into th 
rily the effect of fineness is explicitly given by the model, as seen fron 
eqs.59, and has been experimentally verified in (6), at least for the lineaz 
case. The effect of temperature on the parameters t) and t. is given in so far 
as its effect on the rate constants k) and k. can be assessed. The applicability 
of the Arrhenius eqation for this purpose has been demonstrated in ref.(12 

Concerning the effect of chemical composition of the cement and the ef 
of chemical admixtures we have been greatly concerned with the question of 
what factors determine the underlying kinetics, linear or parat 











vations so far seem to indicate, that ltt hoe salad Ore le" Ca*t-ior in 
the beginning of the hydration favors parabolic kinetics. These Ca*t*-ions may 
A come from sources such as omen in the ce one or from added CaClo etc. sa 
984 -ions may become "unavailable" for the hydrat ion of the clinker parti Le 
. precipitation with C,A in the well-known double salts of the form C,A(CB 
H50)y 5 where B stands for an anion). Thus small ratios of Catt-ions to the 
amount of free CzA (CA not bound in the interior of the clinker particle) pro- 
duces linear kinetics and for large ratios we get parabolic kinetics. Many 
experiments (to be published later) performed in our laborato! seem to reveal 
this pattern. In some intermediate range of ratios we get a joint kinetics a 






already explained with the additions of CaCl. to Portland cement pastes. An- 
other example is white clinker which hydrates almost linear whereas white ce- 
ment is parabolic, and with additions of gypsum we experience the same gradual 









change from linear to parabolic kinetics with decreasing values of DI It 
should be mentioned that the factors influencing the "order of kinetics" (whe- 
ther linear or parabolic influence the lenath of the dormant period a ell, as 






modelled by tg in eq./7. Linear kinetics generally comes together with long dor- 
mant periods and vice versa. 

These observations of the influence of available Catt-ions during the early 
period of hydration have lead us to a tentative mechanistic interpretation. 
According to these speculations linear kinetics is the result of a membrane 
highly resistant to transport of water, and which maintains its stability an 
resistance throughout hydration. When the membrane formed is weak (or absetl 
diffusion through the inner (and probably outer) zone of hydration products be- 











comes rate-controlling and parabolic kinetics results. The state of membrane 
we believe, is highly pate on the available Cat*t-ions (alkali-ions seem to 
have the same effect, although to a lesser extent in the pore-solution, lai 






amounts of Catt-ions favoring a weak membrane. Since the membrane consists of 
colloidal particle bound together with polar attractive forces, it is tempting 
to speculate that Cat**-ions (in combination with available anions) substitt 

the highly polar silanol groups, thus leading to weaker attractive forces be- 
tween the colloidal particles. This last point is pure speculation, but might 
act as a contemporary model to aid in proposing further experiments to eluci- 
date this point. 
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icle concerning the aforementioned has appeared recently 
al performed experiments with EDTA in hydration of cement. 
are in good agreement with our lines of thinking 

of Catt+-ions on the length of the dormant period and 


membrane. 
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ABSTRACT 





Thermal deformation of concrete samples has been measured. Unloads 
water-saturated concrete exhibits a complex strain behaviour during 
thermal cycles, characterized by dilatation cooling and an 

irreversible expansion reheating. Loaded water-saturated concrete 
behaves in a different way. The transition region is reversed 
-with respect to unloaded samples- and almost dissanears, when 
compressive stress of 15 MPa is applied. Also an irreversible 
compressive deformation is bound after reheating. A qualitativ 
explanation of such effects, assumir I 
dominant deformation mechanism in the 
Further research is needed along 






















Concrete has been accepted, in the last years, as a desirable constituent 
in storage systems for refrigerated liquefied gases (RLG), especially for 
liquefied natural gas (LNG). Nowadavs, 
of LNG have significant advantages over existing systems, giving a higher 
level of overall safety and helping to meet the increasing stringent 
international safety regulations. 






prestressed concrete tanks for storage 


Lil 








Among conditions to be considered in the design of 
the differential loads due to temperature changes during cooling and 
(accidental) warming are one of the dominant factors to be taken into 
account. In particular, data on thermal deformation of concrete are 
indispensable to the designer. 


cryogenic structures 













Reinforcing steel exhibits an almost linear thermal deformation. Water 
saturated concrete, however, displays completely different behaviour (figure 
1, from Reference 1). Thus, internal stresses due to these differences may 
arise. It is suspected that the steel may be overstressed, while the concrete 
may suffer an additional compression. 







639 


J. Planas, etal. 





FG: 


Thermal strains versus tem- 
perature of prestressing 
Steel, water-saturated and 
normally stored concrete (1) 





THERMAL STRAIN (ee) 











results of thermal deformation, under 
luring a thermal cycle; cooling from room 
and warming up again. The 
influence of compressive loads on 
rain, as well as on its 
doubts on the experimental thermal 
in designing crvogenic structures. 


sample Prenaration 


M type III) has been used. Tests 
gave for compressive strength and 


i 


resnectively. 


in concrete. Grading 





mix design, as shown in Table 2, was used throughout 


properties are summarized in Table 3. 


for thermal deformation measurements were concrete 


leneth and 7.5 cm diameter. 
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Dilatometers 
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ing thermal strains of 











Thermocouple s Output strain = un }oaded samples. 








—elconTRoL Lene 


Thermal ‘sensor 


Figure 3 shows the evolution of thermal strains during two temperature 
cycles (shown schematecaly in the upper vart) of water-saturated and dry 
concrete cylinders. These results are average values of four samples. That 
eae ; 


our has already been described by Rostasy and coworkers (1, 2, 3). 


JU 


[Three typical ranges can be distinguished for water-saturated samples: 


first range, between +20 and -15°C, contraction occurs. 


Within the 
about -20 and -60°C, a pronounced expansion is observed. 
in this transition range is related to the phase transition 

in pores of small diameter. The expansion becomes more 
greater the water content and the higher the water/cement 


n the third region, an almost linear and comletelv reversible 


ion again occurs. 


internal micro-cracking as a 
attack. If the temperature cycle is repeated,the expansion of 
cimens increases with each cycle and irreversible strain 


ote a 
as depicted in figure 3. 
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Thermal strains versus 

temperature of unloaded 

samples (water-saturated 
and dried) along two 

|, thermal cycles. 
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FIG. 


Tests have been performed with the modular chamber already described 
(figure 4) and with the same thermal history, cooling and heating at a 
rate of 0.35°C/min. The difference between these two experiments was the 
load applied to concrete during testing. 
Loading of concrete cylinders was performed by means of hydraulic 
jacks (figure 4). The compressive stress applied to the cylinder was 15 MPa, 
TOL. a realistic figure for prestressed elements. Load stability was better than 
14 16 of the applied load. In the first step, in order to avoid coupli 
98 between creep and thermal strains, specimens were loaded at room temperature 
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Block diagram of the 

system used for measur- 
ing thermal 
loaded samples. 


strains 


hours period). 


under load. 
shown for comparative purposes. 
four samples. It can be seen that the behaviour of 
Significantly from that of unloaded samples. 


FIG. 


perature of loaded water- 
saturated samples along two 
thermal cycles. 
water-saturated samples are 
included for comparison). 
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Loaded Concrete Thermal Deformation 


and remained at it until creep was negligible 
between central points of cylinder bases was less that 0.003 mm. ina 1 
Afterwards, cooling started and thermal strain measur 
were performed during thermal cycles. 


All these 


(the 


results are 


relative di 





Figure 5 shows the evolution of thermal strains along two temmera 
cycles (depicted in the upper part) of water saturated concrete cylinder 
Also the thermal strains of similar unloaded samples 
average 


nad lc -497 > is ad 
loaded specimens differs 
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ABSTRACT 
Relation between early hydration process and properties 


nF 
Vi 


until setting was studied by using nine kinds of cements pre 


three commercial clinkers with various buring degree and 
calcium sulfates, that is, natural gypsum, 8-hemihydrate 
Ca(OH). and CaSOq saturation ratio in liquid phase infl 


on the early hydration process of cement paste rather than the 


reactivity of clinker minerals themselves. Setting time 
sponded to the period of maximum Ca(OH) saturation ratio 
which coincided also with the period of vivid hydration 
Soft burning of clinker so as to remain a little amount 
free lime was effective for shortening the setting time 
longer age was slightly inferior to that of cement fror 


€ 


clinker. Though the setting time was shortened in the or 
gypsum, 8-hemihydrate and anhydrite I in cement from wel] 


no remarkable influence of the kind of calcium sulfate 
cement from poorly burnt clinker. 


nee 


nd 
ad 
2 


n 


Ale 
TY 

oF 

U 

Kirt 

UU 
A 
dd, £ 
dé 











Properties of mortar and concrete developed in the early stage of hydration 
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INTRODUCTION 


of cement such as fluidity, bleeding, setting time, change of workability with 
time and early strength especially in case of using admixture became very 
important factor in the quality of concrete as energy-saving and automatic 


placing technology of concrete developed. 


Therefore, it is necessary not oly 


to select appropriate additive and admixture, but also to make clear the 
characters of cement and admixture which influence on the properties of cement 
paste, mortar and concrete during the early hydration. 

There are two main factors which influence on the reaction during the 


early hydration of cement ( 
calcium sulfate, that is, gypsum, hemihydrate and anhydrite. 
reactivity of clinker minerals, especially alite, C3A and C4AF. 


1)(2)(3). 


First factor is the rate of dissolution of 


Second one is 
The reactivity 


of clinker minerals is considered to be strongly influenced by burning degree 
of clinker. 
From these standpoints, the authors studied the influence of various kinds 
of calcium sulfate on the initial hydration of cements prepared from clinkers 
with various burning degree. 


ker 





Character of clinker 





SAMPLE 


Practically, clinker mineral formation proceeds above alite formation 
temperature and reaction rate is exponentially proportional to the difference 


between maximum (T) 


and critical (To=1250°C) temperature. 


Therefore, burning 


degree F can be expressed as following equation. 


F=at* exp[b- (T-To)] 


Where a and b are constant and t is retention time to keep clinker above 


To. 


have clos 


this experiment are shown in Table 1. 


Retention time and temperature difference mentioned above in equation /) 


e relation with size of belite and birefringence of alite (4). 
Chemical compositions of three clinkers from same rotary cement kiln used in 


4 


Content of free CaO and liter weight of 


clinkers, birefringence and size of alite and belite, and burning condition 
of clinkers estimated by microscopic observation are shown in Table 2. 
Twenty eight-day compressive strength (JIS) of cement mortar prepared 
from clinker W, A and P was 43.1, 39.2 and 35.3 MPa, respectively. 
Mineralogical compositions of clinkers calculated by modified Bogue's 
equation and measured by chemical separation method are also shown in Table 2, 
There was small difference between them except for the amount of C3A phase. 
Chemical composition of alite and aluminate phase measured by EPMA and 
Separated ferrite phase determined by chemical analysis was shown in Table 
3. It was proved that the amount of MgO, Al203 and Fe203 was increased and 


birefringence of alite was decreased when the burning degree was lowered. 














Table 1 Chemical composition of each clinker and natural gypsum 
Sample ig. in- Si09 Alg03 Feo03 CaO MgO NagO Kp0 Po05 Tid, S03 Total 
loss sol (%) 
Clinker W 0.2 0.2 22.9 5.1 3.4 64.8 1.4 0.26 0.68 0.13 0.29 0.62 99.9 
Clinker A 0.2 0.2 22.3 5.2 3.1 64.8 1.4 0.28 0.81 0.15 0.29 0.67 99.4 
Crinker P 0.2 0.3 22.5 4.9 3.3 63.8 1.4 0.29 1.12 0.14 0.26 1.33 99.6 
Gypsum poco. ~ ©.9 8.2 0.1 32.7 0.5. = - - - 44,8 99.5 
W: well burnt clinker A: averagely burnt clinker P: poorly burnt clinker 
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Table 2 Mineralogical composition, water soluble component and 
burning condition of each clinker 


Water soluble (%) 


) 
S04 F.Ca0 Total Na20 K20 S03 





Clinker Mineralogical composition (% 
C3S CaS C3S+CaS C3A C4aAF K2S04 Nag 


a 
e S62 23.2 79.4 86.4 1. ss 0. 0.17 ty de 
0. 





oT. 6. ‘ 0. .7** 0.08 0.39 0.18 
nm ee eck | OF? OS : , Le 1 

79.0 ; ‘ 1 0.10 0.49 0.36 
1 
1 


: 
P 49.7 26.8 76.5 8.3 9.9 2. 64 99.1 
78.4 8.3 8.8 1.6 0.4 1.64 99.1 0.16 0.87 0.55. 


Liter Free Alite Estimated burning condition**** 
weight CaO size bf. size bf. Heating Maximum Retention Cooling 
(kg/1) (%) (um) (um) rate temperature time*** rate | 


1.25 0.17 40 0.007 30 0.012 + ++++ ++++ 
1.15 1.11 30 0.006 20 0.015 ++ 
1.10 1.64 20 0.004 10 0.018 +++ 


: Calculated from Bogue's equation 
: Measured by chemical analysis of separated phase 
.: Birefringence, ***: Retention time above critical temperature 
: Estimated by microscopic method 
: Excellent, +++: Good, ++: Average, +: Poor 











Table 3 Chemical composition and crystallographic data 
of each clinker mineral 





Clinker Alite phase 
Ca Si09 MgO Alo03 Feo03 Crystal Lattice constant 
(%) system a(A)b cc _(a/b)2__ £8 


FU 25.10. 0.6 





50.75 0.53 Mp 12.254 7.054 24.98 3.018 90.03 
71.37 24.97 0.74 0.87 0.75 Mp 12.239 7.054 24.99 3.010 90.01 
70.82 24.88 0.79 0.99 0.88 My Mm 12.241 7.053 25.00 3.012 89.99 





Aluminate phase 
CaO Si02 MgO Al203 Fe203 Nag0 K20 (%) _—_—s Crystal system 


54.57 5.45 0.94 29.66 4.47 1.95 1.48 Cubic, Orthorhombic 
29.30 4.96 1.05 30.34 4.71 1.76 1.06 Cubic, Orthorhombic 
mee o.00 0.91 31.20 3.49 1.29 0,82 Cubic 


Ferrite phase : 
Ca0 Sida MgO Al203 Fe203 Crystal Lattice constant (A) 
(%) system a b c 


W 46.91 3.28 3.12 23.09 19.64 Orthorhombic 5.32 14.50 5.54 
A 46.91 3.50 3.22 23.02 19.64 Orthorhombic 5.32 14.49 5.53 
P 47.89 2.90 3.22 23.69 19.64 Orthorhombic 5.32 14.48 5.53 


Note: Chemical composition of alite and aluminate phase obtained by EPMA 














Pure ferrite phase was obtained by dissolving the residue of salicylic 
acid-methanol treatment (5), with 2% HNO3-methanol treatment (6). Though 
there was no remarkable difference of composition for ferrite phases in three 
clinkers, the quantity of Si02 was increased slightly and alkali was decreased 
with burning degree. Estimated compositions of ferrite phase calculated by 
both powder x-ray diffraction and wet analysis were approximately CeAoF (7). 
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The amount of water soluble Naj0, 
K20 and S03 was large in poorly burnt 
clinker as shown in Table 2. Large 
difference of water soluble Naz0 in 
spite of same Nas0 level indicates the 
existence of Nap6 bearing solid 
solution. 

Lattice constants of alite 
calculated after Yamaguchi and Miyabe 
(8) and ferrite phase were shown in 
Table 3. Clinker P contains Mgrand My nN VN A 
modification of alite. X-ray are ape TaN 
diffraction peaks of separated 3 33 30 35 32 33 34 35 32 33 34 35 
interstitial phase in Fig. 1 show the a 
Sar eg eas ae taal citer w_cliner Aline 
indicating the formation of alkali 


CqAF 
(141) 


C3A (440) 














@ orthrhombic C3A (400,040) 


























solid solution by rapid cooling of Fig. 1 X-ray diffraction profile 

molten phase (9). Though difference of interstitial phase 

was observed in the intensity of C3A 

and CaAF solid solution, no difference —~ gypsum hemihydrate = anhydrite 

could be observed in lattice constants 3 ° 

of ferrite phase among three clinkers. ~— 5h 4 rn he 

Calcium sulfate 2 at 4 1 ix 
Character of calcium sulfate a rns | 1 lc 
8-hemihydrate and anhydrite I was > —_” 

prepared by heating natural gypsum at ‘ ?F 7 if 7 

120°C for 12hrs. and at 800°C for 2hrs. ~ [=e] [ee |, 

respectively. They were identified by , 

XRD and TG-DSC. Chemical composition i terres aes Ss ee ee 

of natural gypsum is shown in Table 1. & 0 6 0 6 0 . 

Crystallite size of anhydrite reached Time (min. ) 

to 2000 A and was almost corresponded ® pure water ® Ca(OH), saturated soln. 

with that of natural anhydrite. @ 0.25% NaC03 soln., @ pH 


The amount of SQq2- dissolved and 
pH value of liquid phase of water-solid 
mixture for each calcium sulfate are 
Shown in Fig. 2. In gypsum, the amount 
of S042- dissolved into pure water reached maximum value of 1.63 S0,2- 

g/1 immediately after mixing. In hemihydrate, it was three times as 

large as that of gypsum but the amount of S042- in liquid was decreased by 
the precipitation of secondary gypsum. In anhydrite, it was about four 
fifths as large as that of gypsum and the amount of SOq2- in liquid 
increased with time. Amounts of S042 from dissolved calcium sulfate was 
rised in alkali solution such as NagC03 and it was lowered in the Ca(OH)» 
Saturated solution. The pH value at 20°C of 4 g/l water solution of 
anhydrite, hemihydrate and gypsum was 10.2, 7.2 and 6.6, respectively. 


Fig. 2 The amount of S0qg2- dissolved 
and pH of liquid phase for each 
calcium sulfate-water suspension 


Preparation of cement 


Cements were prepared from clinker W, A and P by adding natural gypsum 
hemihydrate and anhydrite until total S02 in cement attained to 1.9%. Each 
mixture was interground and adjusted until Blaine specific surface area reached 
3200+100cm2/g. 











































GYPSUM, HEMIHYDRATE, ANHYDRITE, CLINKER HYDRATION, RATE 


EXPERIMENT 
Preparation of hydrated sample 


Each cement was hydrated at 10°C, 20°C and 30°C with the water cement 
ratio of 0.3. After determined curing time, hydration was stopped by dis- 
persing the sample in acetone. Hydrated sample was dried by two methods, 
that is, D-drying and drying under CO, free air of which relative humidity 
is 15% (RH 15% drying). 

Determination of ionic concentration ae gion phase 

Liquid phase of suspension (W/C=4.0) was obtained by the filteration 
after determined curing time and the concentration of Cact . Na*. Ks OH> and 
S0,¢" in liquid phase was measured. 


Measurement of heat evolution in hydration 


Heat evolution of each cement paste was measured by conduction calorimetry 
at 10°C, 20°C and 30°C with the water cement ratio of 0 


ote 


Quantitative analysis of Ca(OH)2 and ettringite 
The amount of Ca(0H)2 and ettringite in the hydrated sample dried in air 

of RH 15% was determined by modified TG-DSC method (10). 

Measurement of specific surface area and observation of morphology of hydrates 
Specific surface area of D-dryed hydrated sample was measured by BET 

method. Microstructure of hydrated sample was observed by scanning electron 

microscopy. 

Measurement of setting time 
Setting time of cement was measured under JIS R5201. 


Flow curve” measurement with rotational viscometer 


nds by hand. 
scometer with 


Each cement was mixed with water at W/C=0.3 for 210 sec 

Flow curve of the paste was obtained by coaxial rotational v 
double cylinders RV 12 (HAAKE Co., Ltd.) using the sensor sy 
CO 


2) 


tem of MVIP(11). 
stem by rotating 
+4 
L 


Paste was dispersed homogeneously on the surface of sensor e 
nued until 


the rotor at 512 rpm for 30 seconds. The measurement was cc 
noize caused by the setting of paste was observed. 


0 
] 
S 
y 
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RESULT AND DISCUSSION 


Early hydration process 


Time dependency of ionic concentration and Ca(OH)> and CaSOq 


saturation 


ratio of liquid phase 


rigs 3 a. the time dependency of concentration of ions in liquid phase 
of cement-water suspension. Concentration of Ca“*, Na*, K” and OH showed high 
level in poorly pare clinker which contained much free "Ca0 and alkali sulfate 
as shown in Fig. 3 (a)(d)(e). Ca¢t+ and S0g2- concentration was remarkably _ 
changed by the kind of calcium sulfate added with time but this change of OH 
concentration was not so large. This result coincided with the tendency 
Shown in Fig. 2. 

Fig. 4 shows the time dependency of Ca(OH)? and CaS0q4 saturation ratio 
calculated from concentration of each ion after Fujii and Kondo (12)(13). 
Ca(OH)> saturation ratio increased rapidly and reached the peak at an early 
age in cement from poorly burnt clinker. Influence of the kind of calcium 
sulfate was not so clear except for earlier appearence of peak in cements 
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containing hemihydrate, which is deduced to relate to the increase of Ca2t 
ionic concentration. 

CaSOq saturation ratio was large in the order of anhydrite, gypsum and 
hemihydrate added cement. Initial CaSO, saturation ratio was largest when 








IIOOG OVC 


(m mol/1) 


= 








Mm 
oO 




















eke et st 





q 
| 
ts 














Ionic concentration 


rt rant iehinirtei tai 
taf toe! debe f a ees 














: clinker W - gypsum A-g: clinker A - gypsun [ie IAON | S| 
Pr ieee ree lent D ree pee a 
clinker W - hemihydrate P-q: linker P - gypsut | (Cac*] -[ S0,¢7- 7 = 
linker W - anhydrite L ad | 1 l J 





Change of ionic concentration Fig. 4 Change of [Ca@+]-[0H™]* and 

in liquid phase of cement- [Ca¢*]-[SOq2-] in liquid phase 

water suspension of cement-water suspension 
(saturation level=1.0) 


hemihydrate was used but it was decreased rapidly by the precipitation of 
secondary gypsum. CaS0q saturation ratio was decreased in the cement from 
poorly burnt clinker and the difference among three calcium sulfates was 
small. Much soluble alkali sulfates in poorly burned clinker are considered 
to be responsible to the decrease of CaSO, saturation ratio. 

At high curing temperature, Ca(0H)> saturation ratio was lowered and peak 
appeared earlier, while CaS0q saturation ratio rised. The effect of the kind 
of calcium sulfate and burning degree of clinker on both Ca(OH)» and CaSO, 
saturation ratio was unchanged with temperature. 

Heat evolution rate 





Heat evolution curves of each cement at various curing temperature are 
Shown in Fig. 5. The position and height of the second peak which corresponded 
to hydration of alite were remarkably influenced by the burning degree of 
clinker. The second peak appeared earlier in the cement from poorly burnt 
clinker. The influence of the kind of added calcium sulfate on the position 
of second peak was small] but it appeared earlier when hemihydrate was added. 
The position of second peak was closely related to the peak position of Ca(OH) 
Saturation ratio. This result indicates the vivid hydration of alite after 
induction period begins when Ca(0H)o saturation ratio attains to maximum value. 
The period of vivid hydration of alite is accelerated in cement manufactured 
by the intergrinding of clinker, gypsum and lime (14). Therefore, it is con- 
Sidered that vivid hydration of alite is strongly controlled by Ca(OH)» Satu- 
ration ratio of liquid phase rather than the difference of hydraulic reactivity 
of alite mainly depended on crystal structure and minor constituents. 
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ET specific 





surface area of each cement paste 

Ettringite, Ca(OH)» and C-S-H were main hydration products during 
initial few hours. Fig. 6 shows the change of the amount of ettringite and 
Ca(OH)» formed and the change of BET specific surface area of paste with 
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@ gypsum a hemihydrate @ anhydrite @ gypsum ahemihydrate manhydrite 


Fig. 5 Heat evolution curves of each ig. 6 Change of amount of hydrates 
cement at different curing formed and BET specific 
temperature Surface area of paste 


(same notation as in Fig. 3) 





time. The influence of kind of calcium 
Sulfate on the amount of ettringite 
formed was changed with burning degree 
of clinker. The amount of ettringite 
formed is considered to be influenced by 
Ca(OH)» and CaSOq saturation ratio in 
liquid phase as well as hydraulic 
reactivity of interstitial phase itself. 

Heat evolution curves of inter- 
Stitial phase of each clinker separated 
by salicylic acid-methanol method are 
Shown in Fig. 7. As ferrite phase had 
little compositional and structural 
difference with the difference of burning 
degree, hydraulic reactivity of inter- 
stitial phase seemed to depend mainly on 
the quantity, crystal structure and 
minor constituents of C2A solid solution. 
Clinker P has interstitial phase of the 
highest reactivity. Interstitial phase 
of clinker W is more reactive than that of clinker A from the data in Fig. 7 
The difference of hydraulic reactivity of C3A solid solution in each 

















v clinker wy @clinker A pmclinker P 


Fig. 7 Heat evolution curves of 
interstitial phase 





ained by the character of C3A such as difference 
reported by Regourd (15) and the amount of K20 
solution (1). 
ringite formed in the cement paste from clinker P wa 
reactivity of interstitial phase. High Ca(OH)? 
uid phase under the presence of calcium sulfate 
interstitial phase. In the cement from well burnt 


() 


as 


} ‘This difference became small or the — 
elias from clinker A and P. Depressed dissolution of 
precipitation of small ettringite and the formation of dense 
igite on the surface of unhydrated grain in high Ca(OH)9 satu- 
in the liquid phase might be one of the reasons of the above- 
phenomenon observed in the cements from clinker A and P. This result 
th 


m() Ww © 


at the amount of ettringite formed was influenced by Ca(OH)» Satu- 
io in liquid phase which has close relation to free CaO in clinker and 
uration ratio in liquid phase which is affected by the kind of added 
ulfate rather than hydraulic reactivity of interstitial phase itself. 
amount of existed Ca(OH)9, that is the difference between sum of 
formed Ca(OH)9 by the hydration of calcium silicates and free lime and consumed 
Ca(OH)o, 1 measured by TG-DSC method was ranged from 0.3 to 1.1% after 4 hour 
hydration. Therefore, the amount of existed Ca(OH)? is not always represented 
the rate of hydration of alite in cement. On the contrary, the change of BET 
Specific surface area with time shown in Fig. 6 corresponds to the rate of 
hydration of alite at the initial stage (16). Increase in BET specific 
henge area of cement from clinker P at an earlier age showed good 
cor ondence to the second peak position in heat evolution curve. 


+ 


Morphology of hydrate 


ning electron micrographs of hydrated cement paste are shown in Fig.8. 

ingite formed partly on the surface of cement particles and it 
remained almost same size. Morphology of ettringite became short prismatic 
at sel Ca(0H)>o saturation ratio and beca me small irregular rod and equi- 
dimentional shape at high CaS04 saturation ratio. This effect was much more 
remark > in Ca(OH) 12 than in CaS0q saturation ratio. The morphology of 
sttringit formed did not change at the initial stage within 4 hours. Precipi- 
tation of large gypsum crystal could be observed in hemihydrate added cement 
paste. With the descending of burning degree of clinker, the size of precipi- 
tated gypsum turned small due to the increase of Ca(OH)? and the decrease of 
CaSO, saturation ratio. Small hexagonal plate like Ca(0H)2 was observed in 
cement rich in free CaQ. The reason why clinker P has a large BET specific 
Surface area at 1 hour in spite of less ettringite formation is considered that 
smal] Ca(OH)? by the hydration of free CaO and small ettringite crystal are 
formed under high Ca(OH)o saturation ratio. In cement paste containing 
anhydrite calcium aluminate hydrate and monosulfate hydrate could not be 





~~» 


observed in the early hydration. After 2 hours, acicular C-S-H precipitate 
widely around cement particles and its morphology was not changed by CaSO, 
and Ca(OH)> saturation ratio. 


Properties of cement paste during early hydration 


setting 1 time 


Initial and final setting time of cement at each curing temperature are 
Shown in Fig. 9. setting time was shortened with lowering of burning degree 
and with risi ing of ¢ oh temperature. The difference of setting time with 


different kind of calcium sulfate was recognized clearly in well burnt clinker 
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Clinker W - gypsum Clinker W - hemihydrate 











Clinker A - hemihydrate 






Clinker A - gypsum 





Clinker A - anhydrite 


Fig. 8 Scanning electron micrograph of hydrated cement 
(age 30 min., at 20°C) 









cured at low temperature. The setting time was the order of gypsum, hemi- 
hydrate and anhydrite containing cement from long side. 

Setting of cement paste is corresponded to the process of structure 
formation when colloidal solution develops gel properties and it is caused 
by the adhesiveness of water film around cement and hydrate particles and the 
cohesive force between hydrates. Therefore, the increase of specific surface 
area and contact points of hydrates grown to needle like shape contributes 
to setting of cement paste. Generally, normal setting of cement paste is 
brought by the hydration of alite (17)(18). But Locher et al (1) have reported 
that normal setting occurs upon the recrystallization of ettringite rather 
than by the formation of new hydration products of alite. 

As before mentioned, the second peak position of heat evolution vs. time 
curve and rising position of BET specific surface area vs. time curve coincide 
with the initial setting time, therefore, setting time is certainly related 
closely to the beginning of vivid hydration of alite. The difference of 
setting time by the kind of calcium sulfate may be caused by the difference 
of amount and morphology of ettringite depended on mainly Ca(OH)? and CaS04 
saturation ratio in liquid phase. 

In the cement from poorly burnt clinker, vivid hydration of alite and 
formation of C-S-H having large specific surface area at the initial stage much 
contribute to the setting time of cement paste, as the amount and shape of 
ettringite formed are small. On the other hand, in the cement from well burnt 
clinker, as ettringite formed has much amount and large acicular shape, 
hydration of interstitial phase more contributes to the setting time so that 
the effect of the kind of calcium sulfate for setting is increased. 
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Fig. 11 The time dependency of yield 
value of fresh cement paste 
(W/C=0.30, 20°C) 
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Fig. 9 Setting time of each cement at 
different curing temperature 





final setting 


' 

! 

O@ b- 

O@ A- 

O@ P- 
level (FSL) 4 


Cc 
oOo 
a 
» 
co 
= 
no] 
> 
= 
ip 
°o 
x 
wv 
no] 
c 











SP Eee Chee : 
initial t f 
initial] setting : ia ei! set 
level (ISL) cement from well burnt clinker and 
different kind of calcium sulfate 





| 
hydration of SA hydration 
interstitial Y” | of alite 
phase j i 


My 
ul 
uit 
oS 
initial set O-——®@ final set initial set A5—— of inal set 
Setting time 











Index of hydration 











Fig. 10 Schematic explanation of relationship between index of 
hydration for each clinker mineral and setting time 
(same notation as in Fig. 3) 


Time dependency of the degree of hydration for each clinker mineral until 
setting time was schematically explained in Fig. 10. Setting of cement paste 
is expressed as the summed results of hydration of calcium silicate and 
interstitial phase and setting occurs when the index of hydration which includes 
the kind, size, morphology and amount of hydrates reaches a certain level. 


Change of the yield value of cement paste with time 





The increase of yield value shown in Fig. 11 during initial two hours 
was mainly caused by crystillization of gypsum from hemihydrate and increase 
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of specific surface area by the formation of ettringite. Vivid hydration of 
alite was responsible at the most part after this period. Generally, yield 
value was increased more rapidly with poorly burnt clinker corresponding to its 
increase in specific surface area except for the cement containing hemihydrate. 
increase in yield value of hemihydrate added clinker W till one hour may be 
caused by the crystallization of large crystal of gypsum by the hydration of 
hemihydrate. This result shows that influence of calcium sulfates on the 
fluidity of fresh cement paste at early stage is closely related to burning 
degree of clinker. 


CONCLUSION 
Following results were obtained by using the cements prepared from 
variously burnt clinkers with same kiln and natural gypsum, 8-hemihydrate and 
anhydrite I obtained by heating natural gypsum. 


1. Burning degree of clinker defined as the function of temperature and 
retention time at burning zone shows good correspondence to the amount of free 
CaO and liter weight measured by conventional method, and the optical 
properties of clinker measured by microscopic observation. 

Alite in well burnt clinker belonged to Mp modification. In poorly burnt 
clinker, MJ modification of alite was recognized and the amount of impurities 
such as MgO, Al203 and Fe203 in alite increased and birefringence of alite 
lowered. The amount of water soluble Naz20, K20 and S03 was small in well burnt 
Clinker. Orthorhombic C3A solid soluton containing much amount of Naz0 and 
Ko0 was observed in rapidly cooled clinker. In the cement prepared from 
well burnt clinker and gypsum, the best 28-day compressive strength of 
mortar was obtained. 

2. Ca(OH)» and CaSOg saturation ratio in liquid phase were more influential 
factors on the early hydration process of alite and interstitial phase than 
their hydraulic reactivity. 

3. CaS0q4 saturation ratio in liquid phase of cement-water suspension was 
initially high in the order of anhydrite, gypsum and hemihydrate added cement 
from same clinker but it decreased remarkably with time in hemihydrate added 
cement because of the precipitation of gypsum. The difference was large in 
low Ca(OH)? and small in case of high Ca(OH)? saturation ratio. 

4, Maximum value of Ca(OH), saturation ratio in liquid phase of cement-water 
Suspension was attained quickly in poorly burnt clinker and slowly in wel] 
burnt clinker regardless of the kind of added calcium sulfates. The difference 
was caused by the quantity of free CaO and water soluble alkali sulfate and 
it was reduced with the rise of curing temperature. 

5. The amount of ettringite formed was roughly inversely proportional to the 
amount of Ca(0H)9 existed in paste and alkali sulfate in cement, that is, less 
in the cement from poorly burnt clinker and much in the cement from well burnt 
Clinker. In case of low Ca(0H)> saturation ratio, the amount of ettringite 
formed was increased with the decrease of CaSO4 saturation ratio. But the 
influence of CaSOq saturation ratio on the amount of ettringite formed 
was reduced in high Ca(0OH)9 saturation ratio. The morphology of ettringite 
formed in high Ca(0H)>o saturation ratio became short and prismatic. Smal] 
irregular rod and equidimentional shaped ettringite was formed in high CaS0q 
saturation ratio. Acicular C-S-H precipitated around the cement particle 
after 2 hours but its morphology was not changed by Ca(OH). and CaSO, 
saturation ratio. 

6. Stiffening of paste within 2 hours at 20°C is mainly caused by the 
crystallization of gypsum from hemihydrate (so-called plaster set) and 
extraordinary increase of specific surface area of ettringite. The former 
Occurs in case of cement from well burnt clinker and hemihydrate, the latter 
occurs in case of cement from poorly burnt clinker and anhydrite or gypsum. 
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It is recognizable quantitatively by the yield value of paste measured by 
viscometry. 

7. Normal setting time is closely related to the period of the initiation of 
the vivid hydration of alite which corresponds to the maximum value of Ca(OH). 
Saturation ratio in liquid phase of cement-water suspension and is easily 
observable by the peak of heat evolution curve in conduction calorimetry 
and the increasing point of BET specific surface area. 

8. The difference of setting time with kind of calcium sulfate was recognized 
clearly in well burnt clinker cured at low temperature. The phenomenon was 
caused mainly by the difference of amount and morphology of ettringite formed. 
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ABSTRACT 
The conclusions of Roy and Harker (1960) regarding phase equilibria in 


the silica-rich part of the Ca0-SiO,-H,O system are substantially 
confirmed; in particular, truscottite (C,S,,H_,) coexists stably with 
silica and aqueous solution fram below 200°C to approximately 350°C at 
saturated steam pressures. However, non-equilibrium situations 
readily occur in which xonotlite (C.S.H) is formed when  truscottite 
would be expected. These situations are attributed to incongruent 
solubilty of truscottite, coupled with extreme reluctance or inability 
of xonotlite to react with silica and aqueous solution to give 
truscottite. As a result, if xonotlite forms before truscottite it 
persists, and any process in which silica is effectively removed fran 
the system, however temporarily, can cause a conversion of truscottite 
into xonotlite that is for practical purposes irreversible and 
potentially complete. Such loss of silica could occur through liquid 
Or vapor transport, and may be brought about by temperature gradients. 


Introduction 





The conditions of formation and stability of the various calcium silicate 
hydrate phases in the presence of excess silica and aqueous solutions at 
elevated temperatures and pressures are relevant to the hardening and 
durability of some potential geothermal cements. Roy and Harker (1), Harker 
(2) and Roy and Johnson (3) studied phase equilibria in the Ca0-SiO,-H,O 
system over a wide range of temperature, pressure and composition. For 
Saturated steam pressures in presence of excess silica, they found the stable 
calcium silicate hydrate phases to be gyrolite (C,S,H_,) below about 180°C, 
truscottite (C,S,,H_,.) from about 180°C to about 350°C, and xonotlite (C,S.H) 
above about 350°C. Buckner et al. (4) found that xonotlite decomposed to give 
wollastonite (@-CS) at 400+10°C under a pressure of 34.5 MPa. More recently, 
Langton et al. (5) have substantially confirmed these results, but reported a 
somewhat lower temperature (385+5°C at 68.9 MPa) for the decomposition of 


xonotlite. 
657 





K. Luke and H.F.W. Taylor 


It is nevertheless widely observed that xonotlite is more readily formed 
than gyrolite or truscottite over a wide range of conditions for which the 
latter would be expected. Gyrolite and truscottite are reported to form 
readily only if the starting materials include silica in a reactive form 
(4-8). For this or other reasons, some investigators have considered that the 
stability ranges of one or both of these phases are narrower than given 
above. Thus, for saturated steam pressures, Peppler (9) concluded that 
gyrolite was metastable relative to xonotlite plus silica at 180°C, and Meyer 
and Jaunarajs (10) concluded that truscottite was unstable relative to 
xonotlite plus cristobalite above about 300°C; for a pressure of 138 MPa, Juan 
et al. (11) concluded that truscottite became unstable’ relative to 
wollastonite plus quartz above 272°C. Further study of the formation of these 
calcium silicate hydrate phases under both equilibrium and non-equilibrium 
conditions was therefore undertaken. 


Exper imental 





Starting Materials 


CaO was prepared by heating analytical reagent grade CaCO, at 1000°C for 
a few hours. Quartz contained 99.9% SiO, and was of particle size below 10 
um. Silicic acid (Mallinckrodt “Special Bulky”) contained 85% SiO,, with 
alkalies (below 0.2%) as the only significant impurities. 8-C,S, stabilized 
with 0.4 % Na,O, truscottite and xonotlite were samples prepared using the 


above starting materials and contained no impurities detected by XRD. 





Preparation and Examination of Products 





Hydrothermal preparations were carried out in stainless steel pressure 


tubes with a capacity of about 15 cm’® (length 110 mm, diameter 13 mm 
internally). The reaction mixtures were contained in silver test tubes of 
about 6 cm* capacity; these were placed inside the pressure tubes, which were 
heated in ovens, muffle furnaces or tube furnaces, in vertical or sloping 
positions. In all but a few runs, the amount of water was such as to give 
saturated steam pressures for temperatures up to the critical temperature of 
water (374°C), and a calculated pressure of about 34 MPa at 400°C. At the end 
of a run, the tube was quenched and the solid product filtered and dried with 
acetone. The products were friable or powdery unless the starting material 
contained g-C,S, when they were hard and required first to be crushed. All 
products were examined by XRD using a Hagg type Guinier camera, and some also 
by analytical electron microscopy, selected area electron diffraction or bulk 
chemical analysis. 


Results 


Reaction Mixture Placed Directly in the Silver Tube 


In 157 runs, the solid starting materials (0.5 - 2.0 g dry weight) were 
placed directly in the silver tube, and water (total volume usually 4.5 cm’) 
was placed partly inside and partly outside it. Ina further 61 runs, the 
same procedure was adopted, but the dry weight of solids was 100 mg. The 
starting materials were most commonly CaO plus silicic acid (113 runs), CaO 
plus quartz (27 runs), 8-C,S plus quartz (29 runs) or truscottite mixed with 
xonotlite or with xonotlite and quartz (37 runs). The temperatures were 
200°-400°C, the times were from 7 hours to 84 days, and except where stated, 
the bulk molar Ca/Si ratio was 0.6. 

The runs using CaO plus quartz gave predominantly C-S-H(I) at 200° -225°C 
and xonotlite at 250°-375°C, often with varying amounts of "3.15 A Phase" (12) 
and traces of foshagite. At 350°-375°C, wollastonite was sometimes also 
formed. These observations agree with earlier results (8). The runs using 
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CaO plus silicic acid, or 8-C,S plus quartz, gave results broadly similar to 
each other. At 200° -250°C the usual products were gyrolite or truscottite or 
both. At 275°-350°C the results were irreproducible. The major products were 
always truscottite or xonotlite or both, but the relative amounts of these 
phases were unpredictable. They did not show any clear dependence on time, 
but decrease in the content of dry solids to 100 mg tended to favor formation 
of xonotlite. At 375°C, various combinations of xonotlite, wollastonite, 
pseudowollastonite, truscottite and cristobalite were obtained. The runs 
using mixtures containing truscottite also gave broadly similar results to the 
above; at 200°C no detectable changes occurred, but at higher temperatures the 
truscottite was in varying degrees replaced by xonotlite. 


Silica Loss 


Several observations indicated that the formation of xonotlite below about 
350 C was, at least in part, caused by effective loss of silica from the 
reaction mixture. Thus, some of the reactions using §-C2S plus quartz 
mentioned above gave xonotlite with no detectable unreacted quartz. In some 
others, films or hard deposits formed on the inner walls of the silver tubes, 
and were shown by XRD and chemical analysis to consist of amorphous silica. 
This phenomenon has been observed previously (2, 13). In yet others, analyses 
of samples representative of the entire product showed marked increases in 
Ca/Si ratio; e.g., in one run using 100 mg of a mixture of CaO plus silicic 
acid, the Ca/Si ratio increased from 0.6 to 0.95 and, in agreement with this, 
XRD showed only xonotlite. These effects were most marked in the runs_ using 
only 100 mg of solid starting materials, but were not confined to them. Some 
of the silica probably migrated into the space between the silver tube and the 
outer steel tube, but this was not positively established. 


Temperature Gradients 





In some other of the runs mentioned above, the bulk Ca/Si ratio of the 
effective reaction mixture did not change appreciably, but segregation into 
regions of differing Ca/Si ratio occurred. In several runs using CaO plus 
Silicic acid, the solid products in the top, middle and bottom parts of the 
Silver tube were examined separately, and in some such cases, differences in 
chemical and phase compositions were observed; e.g., in one case, the top, 
middle and bottom portions had Ca/Si ratios of 0.57, O.81 and 0.66, 
respectively, and XRD showed the top portion to consist of truscottite and the 
two other portions to be mixtures of truscottite and xonotlite. In some of 
these runs, thermocouples were attached to the outsides of the pressure tubes 
at various points. The results showed that segregation in the product was 
associated with temperature differences of up to 9 deg C between different 
points. Segregation was therefore attributed to temperature gradients within 
the reaction mixture. 


Experiments at Lower Ca/Si Ratios 


If the decomposition of truscottite and consequent formation of xonotlite 
is caused by effective loss of silica from the reaction mixture, it should be 
limited or prevented by working at lower Ca/Si ratios, and this was found to 
be the case. Using mixtures of CaO plus silicic acid (1 g dry weight), 11 
runs were carried out at Ca/Si ratios of 0.52, temperatures of 200°-375C and 
times of 3-21 days. For temperatures up to 350°C, the tendency to give 
xonotlite as opposed to truscottite was much reduced. In addition, 5 runs 
were carried out at Ca/Si ratios of 0.2-0.5 using either CaO plus silicic acid 
or 8-C,S plus quartz at 275 C for times of 2-28 days; in all of them, 
truscottite or gyrolite was the major and often the only product. A _ similar 
run at 375°C gave xonotlite. 
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The possibility was considered that formation of xonotlite could be caused 
by local inhomogeneities in the starting materials prior to heating, but 
experiments in which the mixing procedure was varied showed that this was not 
a Significant effect in the present experiments. 


Reaction Mixture Contained in a Capsule Surrounded by Excess Silica 


In all the runs described above, the solid reactants were placed directly 
in the silver tube. As a further test of the hypothesis that xonotlite 
formation from mixtures with Ca/Si ratios around 0.6 was attributable to 
silica migration, runs were carried out in which the solid starting materials 
(50 mg dry weight) was placed in an envelope of gold foil which was tightly 
folded but not sealed, and then embedded in a large excess (1g) of silicic 
acid, which, together with the water (4.5 cm’) was placed in the silver tube. 
The latter was tightly capped and placed in the pressure tube. The starting 
materials were either CaO plus silicic acid (27 runs), truscottite, sometimes 
mixed with xonotlite and quartz (16 runs), 8-C2S plus quartz (5 runs) or CaO 
plus quartz (1 run). The Ca/Si ratios were nearly always close to 0.6, the 
times were 0.75-59 days and the temperatures were 200 -400°C. The run using 
CaO plus quartz (at 350°C) gave xonotlite, but with the other starting 
materials gyrolite or gyrolite plus truscottite was formed at 200°-225°C, 
truscottite was nearly always the most abundant and often the only product at 
250° -375°C, and various combinations of truscottite, xonotlite, 
pseudowollastonite and cristobalite were formed at 385°-400°C. Cristobalite 
was detected as a product of some of the runs at lower temperatures, 
especially at or above 350°C. A few runs were also carried out in which the 
capsule was embedded in silica glass or quartz instead of in silicic acid. 
Silica glass behaved similarly to quartz, but when quartz was_ used, 
truscottite within the capsule decomposed at 350°C to give xonotlite, though 
it was relatively persistent at 325°C. 


Attempts to Effect Reaction Between Xonotlite and Silicic Acid 


Various runs were carried out using mixtures of xonotlite plus silicic 
acid, to find whether these phases react hydrothermally to give truscottite 
(13 runs). The temperatures were 200°-375°C, the times were 3-168 days, and 
other conditions were chosen so as to maximize the possibility of xonotlite 
formation. In a typical example, the sample had bulk Ca/Si = 0.2 and was 
contained in a gold capsule embedded in 1 g of silicic acid; the temperature 
was 300°C, the time was 21 days, and a little alkali was added, as this favors 
formation of truscottite (8). In none of these experiments was any reaction 
detected, other than the partial crystallization of silicic acid to 
cristobalite in some cases. 








Discussion 


To provide a basis for understanding these results, it is necessary to 
consider the solubilities of xonotlite and truscottite. No studies on 
solubilities in the Ca0-Si0.-H,O system appear to have been published since 
the early work of Peppler (9), which was done at 180°C, but Kalousek and 
Romberger (13), in an unpublished study, found that at 274°C xonotlite 
dissolves congruently, whereas truscottite dissolves very incongruently, 
giving a solution very low in CaO and relatively high in SiO,. Using their 
data and published data on silica solubilities (14), a tentative solubility 
diagram was constructed (Fig. 1). The relevant invariant concentrations (in 
mmol/l) are, approximately: a, CaO 0.1, SiO, 0.1; b, CaO 0.01, SiO, 5; c,SiO, 
10. From this diagram, it will be seen that if truscottite is equilibrated 
with a limited volume of water, most will remain undissolved, but a little 
will dissolve, giving xonotlite and a solution having the composition which is . 
represented by the triple point at b. 








Tr. = truscottite 


Xo.= xonoflite 
So. = solution 










FIG. l 


Suggested solubility diagram for part 
of the CaO-SiO,-H,O system at 274°C. 
*** Schematic and not to scale *** 
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Any process that causes silica 
to segregate results in a 
decomposition of truscottite that 
appears to be irreversible. This 
irreversibility is due to the extreme 
reluctance or inability of xonotlite 


to react with Silica under 
hydrothermal conditions. In the 
present exper iments, silica 


segregation was observed to happen in 
two wayS. One involved its physical 
separation from the main part of the 
reaction mixture, sometimes leading 
to the formation of a visible film or 
deposit; migration could occur by 
either liquid or vapor transport 
(14). The other was associated with 
temperature gradients, and probably 
depended on the fact that the 
solubility of silica increases 
markedly with temperature (14). Ina 
hotter region, a solution relatively 
high in silica is formed. This 
migrates through convection to a 
cooler region, where part of the 
Silica is deposited. The solution 
thus depleted in Silica is 
recirculated to the hotter region, 
and more truscottite is decomposed. 
Other mechanisms of silica removal 
are doubtless possible, such as 
leaching in an  open_- system. by 
solutions of low silica content. 


In the processes described 
above, truscottite is formed 
initially but later decomposes. 
Failure to reach equilibrium can also 
occur because truscottite is not 
formed in the first place. As shown 
earlier (8), this Situation occurs if 
lime is readily available compared 
with silica, and thus notably if the 
starting materials are CaO plus 
quartz. The sequence of reactions 
then begins with C-S-H of high Ca/Si 
ratio, C-S-H of lower Ca/Si ratio and 
tobermor ite (6). Tobermorite can 
react hydrothermally with quartz to 
give gyrolite (15,16), which above 
about 200°C is replaced by 
truscottite, but this reaction is 
Slow compared with the competing 
reaction in which tobermorite is 
replaced by xonotlite; the latter 
does not react with quartz, and 
persists. The small amounts of other 
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phases, such as_ foshagite and "3.15 A Phase", that are formed seem also not 
to react with quartz. If, in contrast, silica is readily available compared 
with lime, the reaction sequence is different, probably passing through 
Z-Phase (16) and gyrolite to truscottite; this situation occurs if the 
starting materials contain silicic acid, and especially with mixtures of the 
latter with 8-C.S (8). 

The present results agree substantially with the equilibrium 
relationships given by Roy and Harker (1). Fig. 2 gives suggested stability 
fields for the solid phases that take into account the latters® results, as 
well as those of Harker (2), Roy and Johnson (3), Langton et al. (5) and the 
present investigation, including especially the runs in which the sample was 
placed in a gold capsule embedded in excess silicic acid. Fig. 2a represents 
the probable true equilibria, in which any silica occurs as quartz, and Fig. 
2b the metastable equilibria in which it occurs as silicic acid or silica 
glass. Due to lack of data, the possible existence of fields for "K-Phase" 
(17) and "3.15 A Phase" is ignored. The upper stability limit for truscottite 
is placed at approximately 350°C with quartz or 390°C with silicic acid. 
The much lower values suggested by Meyer and Jaunarajs (10) and Juan et al. 
(11) are attributed to non-equilibrium effects, possibly similar to those 
observed in the present work. The stable polymorph of CS under the conditions 
represented is probably wollastonite, the formation in some runs. of 
pseudowollastonite being attributable to the structural relationship between 
the latter phase and truscottite. 
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, Formation, composition and properties of silicate 
gardens originated from solid CaCl,.6H,0 and sodiur 
silicate solucions with Na,O/Si0, =°0.5-1.5 and 0.5-2.5 
moles Si0,/l are described. th 
Ca(OH). and C-S-H phases of different anior 
are formed. The permeability of the products 
the CaCl, crystals, with respect t 
influenced by the Na,O SiO, mole ratio and the 
concentration in the | 
A parallel is drawn between the membranes of the 
gardens and the C-S-H phase coating hydrated 








SiO, 
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Introduction 














The so-called silicate gardens, being formed by reaction of 
soluble salts of di- and trivalent cations with alkali silicate solut 
have recently come to an increasing interest, because similar phases 
are considered to be formed in the early stages of the hydration of 
Ca,Si0.(C.S) /1-5/. "Garden" and hydration products consist in the 
beginning~of the reaction of thin membranes and it is assumed that 
such membranes cover the C.S particles primarily giving rise to the 
retardation of the hydration Feaction /1-6/. In the following some 
observations are reported, concerning the constitution and properties 
of the phases being formed during the growth of the silicate garden 
from solid CaCl, and sodium silicate solutions. € 

discussed in cénnection with the hydration of 











Ww 









Results 











On covering CaCl, .6H,O crystals with sodium silicate 
solutions, coatings are formed at the surface of the crystals, from 
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which tube-like dendrites grow out. These tubes possess relatively 
smooth and dense but crinkled surfaces within the first 15 minutes 
after formation (Fig. 1), when silicate solutions with high Na,0/Si0. 


Pees 3 


Tube of a silicate garden 
formed from sodium silicate 
solution with Na,O/Si0O, = 
1.5 after 15 mirfiutes. 
SEM, magn. 1000:1 


mole ratio (Na,O/Si0, = 1,5) and high concentrations ( 
SiO./l) are uséd, whereas those solutions with Na,O/S 
the’ same SiO, concentration give after the same time 
relatively coarse pores (Fig. 2). 


Pees ae 


Surface of a silicate gar- 


den tube, formed from sodium 


silicate solution with Na.O/ 


SiO. = 1.0 -atter 15 mintites - 


SEM, magn. 3000:1 


Tubes with rough surfaces are also obtained, when the Si0, concen- 
tration in the sodium silicate solution is decreased to 0.5 mole 


Si0,/l. 


With increasing time these surfaces get coarser, which 

can be attributed obviously to a secondary phase, formed at the 
tube surface. Fig. 3 shows such a secondary phase, which has 
peeled off from the primarily formed surface,certainly during the 
specimen preparation. The main amount of new phases grow at the 
inner side of the membrane. These phases mostly are of irregular 
shape (Fig. 1), but they can also appear in a lath- or plate-like 
form. 
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The degree of condensation of the silicate anions of these 
phases depends on the Na.O/Si0., mole ratio of the sodium silicate 
solutions used, as can be’seen dy the corresponding molybdate 
reaction curves (Fig. 4). 


FIG. 3 


Secondary phase on the 
surface of a tube from 
sodium silicate solution 
with Na,O/SiO, = 1.5 
after 3°hours. 

SEM, magn. 500:1 





A phase formed from sodium silicate solution with 1.5 Na.O/SiO 
being 1M in Si0, yields a molybdate reaction curve similar to 
that of C-S-H(di,poly) /7/. That means this phase contains low 
molecular silicate anions, mostly disilicate and polysilicate in 
nearly equal proportion. 

With to Na,O/SiIO, = 1.0 decreasing mole ratio in the sodium 
silicate solution the dégree of condensation of the high molecular 
part of the anions increases (Fig. 4, curve 4). A Further decrease 
to 0.5 Na,O/SiO,. moreover leads to a decrease of the amount of 
the low mélecular anions (curve 5). 
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FIG. 4 ae ae : / 
2) Gt rae 
Molybdate reaction curves n ; Fs eae 
of C-S-H phases from pre- 54 | Le een 
cipitation reactions (curves Dn seea el 
1 and 2) and of silicate a ke ae 
gardens (curves 3 - 5) each Va 
after 3 hours (concentration | 
of the sodium silicate solu- 204| é 
tion 1M in Si0,; Na,0/Si0, i 
ratio: curve 1 = 1.5, . a 
é 7 - 
Pate, oe tb, ka ED, f — 
5. = 8.5}. I 
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The degree of condensation of the anions of the "gardens" is 
markedly higher than that of phases formed by precipitation from 
CaCl, solution with sodium silicate solutions of the same composition, 
s can be seen by comparison of the corresponding molybdate reac- 
tion curves (Fig. 4). 

Differences between C-S-H phases, formed by precipitation, and 
silicate gardens exist also in their composition. Whereas the Ca0/Si O 
ratio in the precipitates is generally smaller than the Na,O/SiO0, mole“ 
ratio in the solution used for precipitation /7, 8/, it is tTuch fiigher 
in the "gardens". For example in the garden products, formed from 


solution with 1 Na,0/Si0,, , the Ca0/SiO, mole ratio rises up to 1.9 and 
from solutions with 1.5 “Na,0/Si0, to “more than 2.0. 

The reason for these ‘high CaO/SiO, mole ratios is that crystalline 
Ca(OH). is formed already within the first 15 minutes after the beginning 


of the reaction, as shown by X-ray diffraction. 

The formation of crystalline calcium hydroxide under the conditions 

as unexpected, because precipitation of C-S-H phases from 

7 sodium silicate solutions results in Ca(OH).-free products, if 

Na,0/SiO, ratio is smaller than 1.5 in solution /7, 8/. 

above, the properties of the garden products depend on the 

conditions their formation. Therefore it was obvious to check, 

permeability of water across such phases is also influenced 

Cl, «640 was molten in a glass tube and then crystal- TOT 
Go. The relatively smooth surface of the crystallized 

en covered xiii sodium s solutions of different con- 


> | 


O ke 







centrations and Na,0/Si0. ole ratios. ad 
At once after adding the dicotis ieee membrane was pies at 
he boundary. Through this membrane water diffuses, dissolving the 
solid CaCl, .6H,O lying underneath. The. height of the so +eeke con- 
centrated CaCl? solution in the tube increases with time (Fig. 5). 
By plotting this height in mm versus time t for sodium silicate solu- 
tions of different Na,O/SiO0,. mole ratios at a constant Si0, concentra- 
tion (2.5 M, Fig. 6)* it cén be shown that with increasing b 0/Si0., 
ratio the amount of CaCl, solution formed decreases. That nine thé 
diffusion rate of water tfro suUgh the membrane decreases 
A decrease of the diffusion rates was also observed using sili- 
cate solutions with increasing Si concentration at constant Na,O/Si0, 
- c: ne 


GW 3 ~] 












Ja,0/S mole ratio, then the diffusion rate is actually em ther 
4 
fig. 7, curve 5) than with the exchanged one (curve 1), but 
r 
O 






than that in the experiment with a membrane, formed from 
olution of low concentration directly (curve 4). 













Discussion 
















DOUBLE et al. /5, 9/ interpreted the silicate gardens as mixed 
hydrous oxides. From the molybdate reaction curves shown above 
it is evident that at the very least with CaCl, in gg silicate 






solutions with mole ratios higher than 0.5 Naz 70/Si0. C -S-H phases 
but not hydrous silica are formed beside cry§Stalliné Ca(OH). The 
degree of condensation of the silicate anions of the C-S-H phases 
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increases with decreasing Na,O/Si0O., mole ratio in the sodium silicate 
solution (Fig. 4). . ‘5 

The mean degree of condensation of these phases however 
is higher than that of the phases produced by precipitation reaction. 
The reason may be that the C-S-H phase grows into the concentrated 
CaCl.-solution. In this environment of relatively low p,, a higher 
decree of condensation of silicate anions is to be expected than by 
precipitation in strongly basic solution /7, 8/. 

The appearance of crystalline Ca(OH), in the "gar Ss aS 
explained by BIRCHALL et al. /4/ in such & way that Ca° -ions diffuse 
through the membrane into the alcaline silicate solution and are preci- 
pitated there as Ca(OH)... From gur own results /7, 8/ it can be 
concluded that on cont&cting Ca“ -ions with sodium silicate solutions 
C-S-H phases are formed as most sparingly soluble compounds in this 
system. As Fig. 3 shows, secondary formations on the outer face of 
the, membrane appear indeed, which can be attributed to a diffusion of 
Ca“ -ions from the CaCl, solution inside the tubes towards outside. 
These secondary C-S-H formations, however, appear only after longer 
times (>2 h), whereas the formation of crystalline Ca(OH), can be 
detected already after at least 15 minutes. 

This indicates a precipitation of Ca(OH). in the course of the membrane 
formation at the boundary between the ‘calcium chloride crystals and 
the sodium silicate solution. 

As described above the diffusion rate of water across the mem- 
branes formed at the surface of CaCl,.6H.O crystals is dependent both 
on the Na 0/Si0, mole ratio of the sificaté solution and its Si0, con- 
centration. The ‘higher the concentration in this solution the lower is 
the diffusion rate of water across the membrane. This might be attri- 
buted to an osmotic driving force, depending on the difference in 
ion-concentrationat either side of the membrane. In this case a 
substitution of the concentrated sodium silicate solution against a 
diluted one after formation of the membrane should result in a diffusion 
rate of water, corresponding to the concentration of the latter solution 
But as shown above that is not to be observed. 

The diffusion rate is indeed not equal to that of the concen- 
trated solution (Fig. 7, curve 1), but markedly smaller than that of 
the diluted one (curve 4 and 5, respectively). 

That means not only osmotic laws control the diffusion of water. 
Moreover the permeability of the membrane itself is a limiting factor, 
depending on the composition of the C-S-H phase. The higher the 
CaO SiO. mole ratio the smaller is its permeability. 


The proved dependence of the permeability of C-S-H membranes on 
the conditions of formation, especially on their composition, is of 
highly importance on the hydration kinetics of C.S, because in the 
beginning of the hydration membranes are formed, comparable to 
those of the silicate gardens /1-5/. 

For example it gets well understandable, why the rate of 
hydration of C3 in the beginning of the reaction can be altered by 
admixtures, influencing the Ca(OH), concentration in the pore solu- 
tion. As shown earlier /7, 8, 10, 11, 12/, the composition of 
C-S-H phases depends on the Ca(OH). concentration in the solution 
from which they are formed. So with” admixtures, able to bind Ca(OH). 
like silica /13/ and ion exchangers /14/ the CaO/SiO., mole ratio of 
the C-S-H phase surrounding the hydrated C.S grains, can be 
decreased. That leads, as shown above, to a higher permeability of 
the membrane for water molecules, resulting in a higher hydration 
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rate. On the other side, admixtures like Ca(OH),, able to increase 

the Ca(OH), concentration around the membrane; decrease the reaction 

rate /15/. 
The investigation of the silicate gardens have shown by this 

that about the permeability of the C-S-H membranes, depending on 

their composition, effects are well to be explained, which proceed 

during the hydration of C.S, when the composition of the C-S-H coating 

on the C.S grains is altefed for example via the Ca(OH), concentration 

in the pore solutions. ¥ 
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ABSTRACT 
A major concrete problem in recent years has been 
premature deterioration of concrete bridge decks due to 
corrosion of reinforcing steel. The research reported here 
was designed to explore the possibility of eliminating the 
problem by the use of low porosity concrete. A brief 
review of low porosity cement systems is provided. Mix 
design considerations for low porosity concretes are 
explored. The results of laboratory trials on rheological 
and other features of fresh low porosity concretes are 
reported, and compressive strength data are provided for 

several different low porosity concrete systems. 
















Introduction 








A major concrete problem in recent years has been the early 
deterioration of concrete bridge decks in areas where salt is 
routinely applied for winter de-icing. Considerable evidence 
now suggests that traditional reinforced concrete as ordinarily 
designed for concrete bridge decks is not adequate to provide 
satisfactory service under such exposure conditions. 










The problem is triggered by penetration of chloride ions from 
the applied salt through the concrete and to the vicinity of the 
upper mat of reinforcing steel, which results in accelerated steel 
corrosion. Expansive pressures generated by the accumulation of 
corrosion products tend to lift off the relatively thin layer of 
concrete cover usually provided. Local delamination occurs, 
followed by spalling under the influence of repeated traffic 
impacts. In severe cases total failure of the bridge deck may be 
experienced in only a few years. 
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LOW-POROSITY CONCRETES, LIGNOSULFONATE, RHEOLOGY, STRENGTH 


A number of features of the concrete ordinarily placed in 
bridge decks tend to exacerbate the problem. High water contents 
are often used to insure proper placement and consolidation around 
the steel; often bleeding channels result, which can provide 
almost direct access of chloride ions to the vicinity of the 
steel. Once delamination starts to occur, the strength of 
most bridge deck concretes is is insufficient to resist the 
dislodging effects of repeated impacts, especially from heavy 
truck traffic, and progressive spalling rapidly ensues. 


The use of epoxy-coated reinforcing steel is currently 
considered by many to provide an effective solution to the problem, 
the epoxy coating serving to prevent access of chloride and water 
to the covered steel. However, an alternate approach that might 
be considered is that of improving the concrete itself. In 
particular we have in mind the use of a self-consolidating, high 
slump concrete, but one capable of achieving these characteristics 
at a very low water content. This would limit permeability and 
diffusion of chloride ions, and limit the development of bleeding 
channels. 


In the current state of concrete technology there are several 
ways available to design such concrete. High-range water reducers 
© coupled with flyash or silica fume provide one approach. Another 
approach is the use of so-called "low porosity” cement in 
appropriately—-designed rich concrete mixes. This approach offers 
some significant advantages in terms of additional alkaline 
protection of the steel, and may prove to be significantly less 
expensive as well. The present paper and additional papers in 
this series describe our results with low porosity concretes 
investigated in the context of their specific applicability to the 
bridge deck durability problem. 














Low Porosity Cements 












Low porosity cement ("LP cement") is simply ordinary ground 
Porland cement clinker, usually ground somewhat finer than 
ordinary portland cement, to which no gypsum has been added. The 
appropriate range of fineness is about that of ASTM Type III 
cements, ca. 500 sq. m/kg. The setting and rheological 
characteristics of concrete made with such cement ("LP concrete") 
are controlled by a combination of an appropriate lignosulfonate 
and an alkali carbonate or bicarbonate, usally dissolved in the 
mix water. 













LP cements were investigated extensively by Brunauer and 
co-workers in the late 1960’s and early 1970’s, and a patent was 
obtained by Brunauer in 1972(1). Subsequent development work was 
carried out by several cement companies, and a superior 
ligqnosulfonate-type admixture has been developed for the purpose 
by the Westvaco Corporation. U. S. patents covering various 
aspects of LP cement and concrete technology have been awarded to 
Stryker (2) and Ball, Braddon and Stryker (3) of Westvaco, and to 
Mills(4) of Martin Marietta Cement Co., Inc. A substantial number 
of research publications from various countries has appeared in 
recent years(S5-17). 
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Materials Used in the Present Investigation 





Low Forosity Cement 

The ground clinker used in the LP concretes described here 
was a Type I clinker produced at the Holly Hill, S.C. plant of the 
Giant Portland Cement Co.. and was ground to a Blaine fineness of 
approximately 540 sq.m/kg with 
no gypsum being incorporated. A 
plant analysis of the clinker is Table 1. 
given in Table 1. Its chemical Chemical Characteristics of 
composition is that of an ordin- the Ground Clinker Used. 
ary Type I portland cement 
clinker except that the alkali 1. Chemical Composition: 
content is unusually low. This 
is not a necessary feature of LP Oxide 
cements. 





$ide2 

The specific admixture com- Alz0~«= 
bination used in batching the LP Fe=0Q = 
concretes consisted of a sulfon- Cad 
ated Kraft process pine lignin MgO 
developed for LP use by Westvaco Naz0 0,07 
and designated "REAX-LP", and K20 Ont 7 
reagent grade sodium bicarbon- SO= On 4S 
ate. The sulfonated lignin pro- Total alkalies 
duct is said to be completely aS equiv Nazo 0.18 
free of sugars and other carbo- Ignition loss 0.35 
hydrates. Free CaO 0.69 


Aggregates 2. Potential Compound Compo- 
sition (Bogue): 





The coarse aggregate used 
was a hard, clean limestone Compound 24 
from Kentland, Indiana, having 
a bulk specific gravity (SSD) CxS 58.2 
of 2.62 and an absorption of C2s 19.7 
1.2%. The aggregate was dried C=A 11.9 
and graded before use, the CaAF 8.0 
size separations being 3/4 to 
1/2 in., 1/2 to 3/8 in., 3/8 in. to No. 4, and No. 4 to No. 8. In 
most of the LP concretes prepared the ratios of the amounts used 
were 1.5:1.2:1.0, the material passing No. 4 being discarded. 


The sand used was a natural siliceous sand of fineness 
modulus 2.71, with a measured absorption of 2.7% and bulk specific 
gravity (SSD) of 2.353. 


Flyash 


Much of the experimental concrete was batched with a 
high-calcium flyash obtained from the Otter Tail Power Co. plant 
at Fergus Falls, MI. Analysis indicated a CaO content of 
approximately 30%, and an unfortunately high sulfate content in 
excess of 6%. The ignition loss was less than 2%, and the 
specific gravity was measured as 2.49. This high measured 
specific gravity suggests the relative absence of cenospheres and 
other hollow particles. 





Mix Design Considerations 





In exploring the behavior of concretes batched in various 
proportions it became apparent that relatively lean LP concretes, 
i.e. those batched at ca. 300 kg/cu. m (500 lbs/cu. yd) were 
only marginally workable at the low water contents desired (wic 
ratios ca. 0.30), but were unduly sensitive to mixing conditions and 
to evaporative loss of water. Such concretes exhibited an obvious 
shortage of paste volume. It bacame clear that practical LP 
concrete capable of easy placement at low water:cement ratios 
would require cement factors on the order of S50 kg/ cu. m (about 
900 lbs/cu. yd.), or else more modest cement factors 
supplemented by flyash. It was found that the high-calcium flyash 
used in these trials had a generally beneficial effect on most of 
the properties of the fresh LP concretes. 


While a number of variations in mix design were 
entertained in various experimental concretes, there were two 
"typical" mix designs which served as the basic patterns for nearly 
all of the experimental concretes. One of these was a “straight” 
LP concrete with a cement factor of about 534 kg/cu m (900 
lbs/cu.yd) and a w:c ratio of approximately 0.30, the other a 
flyash-bearing concrete with a cement factor of about 415 kg/cu m 
(700 lbs/cu. yd) supplemented with about 60 kg/cu. m (250 lbs/cu. yd.) 
of flyash, with the water to cement plus flyash ratio being about the 
same as the w:c ratio of the first mix. Typical mix designs for 
the two concretes are given in Table 2. 


Since the LP cement system does not use interground gypsum 
but relies on batch-mixed lignosulfonate and alkali carbonate or 
bicarbonate admixtures for set control and rheological 
modification, the proportion of these components actually added is 
under the control of the concrete 
producer. This flexibility pro- TABLE 2. 
vides an opportunity for adjust-— Typical Concrete Mix Designs 
ment of dosage to fit varying 
circumstances, but it also may 1. LP concretes without flyash: 
require that adjustments be made 
when new batches of cement with Ground Clinker: S58 kg/cu. m 
changed characteristics are Coarse Aggreg: 1010 kg/cu. m 
introduced. Such changes, espec- Sand: 675 kg/cu. m 
ially of lignosulfonate content, Water: 156 kg/cu. m 
were required several times dur- (wsc 0.28) 
ing the course of this work. 

Typical values of the admixtures 2. Flyash-Bearing LP Concretes: 
used were about 0.6% of the lig- 
nosulfonate and 1.2% of the sod- Ground clinker: 410 kg/cu.m 
ium bicarbonate, both by weight Flyash: 140 kg/cu.m 
of ground clinker. Coarse Aggr: 1010 kg/cu.m 
Sand: 658 kg/cu. m 
Water: 156 kg/cu. m 
{wr (c+) 0. 28) 


Strength Levels Attained 





In previous work carried out at Purdue University (9), 
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compressive strengths of the order of 70 MPa (10,000 psi) were 
ordinarily obtained with low porosity concretes at 28 days. 


In the present study compressive strengths development in 
several series of LP concretes were studied for ages up to 1 
year. The concrete mixes actually tested for strength were 
somewhat leaner than the mix designs of Table 3. For these tests, 
carried out early in the program, the ground clinker contents 
of the concretes batched without flyash were approximately 475 
kg/cu. m (800 lbs/cu.yd.), and the w:c ratio was 0.30. For 
concretes batched with flyash, the ground clinker content was 
412 kg/cu. m (695 lbs/cu. yd.) and the w: (c+f) ratio was 0.50. 


The concretes were cast into 3 in. x 6 in. steel molds, 
hand-rodded, demolded at 1 day, and cured continuously in a fog 
room until tested. Cylinders tested at ages of three months or 
less were capped; those tested at later ages were lapped at both 
ends using a lapping wheel. The actual compression testing was 
carried out in a standard concrete testing machine of 114,000 
kg (250,000 1b) capacity, which was only marginally adequate 
for testing the stronger concrete cylinders; thus the true 
strengths may actually have been higher than those recorded. 


Results of the testing are provided in Table 3. The 
relatively lean LP concretes batched without flyash achieved 
compressive strengths of the order of SS MPa (8000 psi) at 7 days, 
65 MPa (9500 psi) at 28 days, and 100 MPa (14,500 psi) 
at 1 year. These rather remarkable strength levels are customar—- 
ily encountered in LP concretes. 


Incorporation of the flyash produced concrete of strength 
levels only slightly lower than those cited above, at least for 
ages of up to 3 months. The long-term strength levels for these 
flyash-bearing concretes seemed to be limited to the vicinity of 
70 MPa (about 10,000 psi). 


TABLE 3. Compressive Strengths and Sample Standard 
Deviations for LP Concretes, MPa 


LP Concretes Flyash-Bearing 
Without Flyash LP Concretes 








(7990) . (560) re) (7520) (340) 
(9450) (1000) (8790) (510) 
(11400) (610) (10600) (880) 
€11900) (650) (9670) (1080) 
(14500) (650) = 





*Equivalents in psi are given in parenthesis. Strength values are 
averages for 2 replicate cylinders each. 


One of the reasons for the lesser strength development in the 
flyash-bearing LP concretes may be the extra air incorporated in 
these mixes. The air content of the LP concretes batched without 
flyash is of the order of 2% or less, which is about what is 
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normally expected. However, the LP concretes batched with flyash 
appear to incorporate about 6% total air voids, presumably due to 
an interaction between the flyash and the lignosulfonate 
admixture. 


Rheological Characteristics of Fresh LP Concretes 





The most striking feature of LP concrete that distinguishes 
it from conventional concrete that might be made from the same 
ground clinker and aggregates is the ability to produce readily 
workable mixes at low water contents. This is due to the ability 
of the specially—designed lignosulfonate and alkali bicarbonate 
admixtures to provide and maintain extremely effective dispersion 
of the ground clinker grains in a system of very limited water 
content. 


The rheology of such concrete mixes is sufficiently different 
from conventional concretes (including superplasticized concretes) 
that special mention of these features should be made. 


We found that LP concretes batched without flyash at wsc 
ratios between 0.24 and 0.30 exhibited high slumps, measured 
values varying between 15 and 25 cm (6 and 10 in.). Despite these 
high slumps, the concretes were not easy to work, seeming to 
actively resist rapid displacement or manipulation. It was 
difficult to pull a trowel through the mix rapidly, although very 
little resistance was felt to slow movement of the same implement. 
This dilatant effect was, however, easily overcome by modest 
vibration, which rendered the system much more fluid. 
Alternatively, incorporation of flyash eliminated this resistance 
to rapid displacement, presumably by modifying the size 
distribution characteristics of the fines present. 















The slump measurements themselves do not appear to 
constitute a particularly valid index to the rheological behavior 
of these concretes, the slump itself being a slow, continuous flow 
under self-weight rather than the rapid displacement normally 
experienced when a slump cone is removed. 










A number of trials were carried out using the Vebe 
apparatus, which measures time to collapse under a specified 
vibrational input, and these seemed to provide a much more 
Suitable relative indication of rheological behavior of the fresh 
LP concrete. Typical LP concretes yielded Vebe times of less than 
3 seconds, indicative of the high mobility under vibration, even 
when static slump measurements were only of the order of 15 to 18 
cm (6 or 7 in.). 












In this work, we distinguished LP concretes as "fully 
flowing" in slump tests if they completely collapsed under 
their own weight in less than 30 seconds. A number of such 

concrets were produced, and these usually showed Vebe times of 1 
second or less. 









An important characteristic of fresh concrete is its tendency 
(or lack of it) toward segregation and excessive bleeding. Any 
dispersed cement system that flows freely needs to be carefully 
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checked for this characteristic, even at low water contents. In 
our observations, there was some limited tendency to segregation 
and excessive bleeding in leaner LP concrete mixes batched 
without flyash. This behavior seemed to be influenced by the 
dosage level of the lignosulfonate; reducing the lignosulfonate 
dosage level reduced the tendency toward segregation considerably, 
but at some cost to workability. Addition of flyash to such lean 
mixes or incorporation of higher contents of ground clinker 
resulted in LP concretes essentially free of difficulty in this 


regard. 


One of the limiting features in the use of superplasticized 
concrete for field applications involving low water contents is 
the factor of slump loss starting relatively soon after mixing. 
The dispersion induced by the superplasticizer is temporary, and 
when the concentration of superplasticizer in the mix water is 
lowered sufficiently by its incorporation into the early 
hydration products, the dispersive effect is lost. In consequence, 
the slump rapidly decreases to that of a non-superplasticized 
concrete of the same water content. As part of the 
investigation carried out here, we attempted to determine the 
extent to which LP concretes might be subject to the same 


difficulty. 


In these trials we examined the effect of elapsed time on 
Slumps and Vebe times of a series of concretes batched at 
modest LP cement factor of about 445 kg/cu. m (750 lbs/cu. yd.), 
and others supplemented by various percentages of flyash addition. 
The water: (cement+flyash) ratios were typically about 0.30 to 
0.32. In most of these trials, Vebe times were measured initially, 
and then at half hour intervals, with the concrete protected from 
evaporation in between, and a brief re-mixing just prior to the 


measurement. 


Initial slumps were very high, and initial Vebe times 1 or 2 
seconds, indicating fully flowing concrete. Vebe time increased to 
the order of 10 seconds by the first hour, and to about 18 
seconds by the second hour. The data on the effects of flyash 
addition are somewhat conflicting, but it appeared that 
additions of small percentages of flyash were not beneficial in 
maintaining fluidity of the mix, but that larger additions, of 
the order of 35% by weight of cement, were moderately helpful 
or at least not deleterious. It may be recalled that the 
particular flyash used in these trials had an unusually high 
sulfate content, which may have influenced the system in a 
manner not fully typical of flyashes in general. 


What systematic data are not available, mixes richer in ground 
clinker appear to be relatively more resistant to time-dependent 
changes in rheological characteristics. Further, it is clear from 
earlier work that the specific content of lignosulfonate 
influences the maintenance of fluidity appreciably. Higher dosages 
of lignosulfonate will prolong fluidity for long periods, but at 
the same time may delay set unduly. 


Some miscellaneous observations on the behavior of fresh LP 
concretes are summarized below: 
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1. It appears that LP concretes that show initial slumps of 
15 cm (6 in.) or more or initial Vebe times of 3 seconds or less 
are essentially self-consolidating, and require almost no rodding 
or vibration to completely eliminate honeycombs or skips even in 
corners of molds or other restricted spaces. 


2. Such concrete will flow spontaneously on inclined surfaces 
of slopes greater than about 8%. This may cause some practical 
difficulty in concrete placement on inclined surfaces. 


3. LP concretes assume mirror-like contact surfaces when cast 
against plastic sheets, and presumably against other smooth 
surfaces as well. Thus form irregularities will be well reflected 
in the hardened concrete. 


Conclusions 





Concrete that may be suitable for highway bridge decks with 
special characteristics helpful in preventing or delaying steel 
corrosion that results in premature failure can be formulated from 
low porosity cement. Such concrete probably requires high cement 
contents or moderately high cement contents supplemented by 
flyash. Experimental concretes mixed at water:cement ratios of the 
order of 0.30 show high initial slumps and Vebe times of the order 
of 1 second, and are self-consolidating. However they do lose 
fluidity with time, and show peculiar rheological characteristics 
that will have to be taken into account in designing concrete 
for bridge-deck or other field use. Strengths of the order of 70 
MPa (10,000 psi) may be obtained at 28 days, with significant 
increases at later ages possible. The rheological behavior of 
flyash-bearing fresh low-porosity concrete seems superior in some 
respects to concrete batched without flyash, although the strength 
attained appears somewhat less. 
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ABSTRACT 
The study of Calcium monoaluminate hydration by elec- 
trical conductivity reveals transient phenomena, and 
permits defining the mechanism of reaction. The residual 
parts of other aluminates (CA2 and Cj2A7) modify CA 
conductivity curves, mainly when supersaturation is 
setting up. 


L'étude, par conductimétrie électrique en milieu dilué, 
de Il'hydratation de l'aluminate monocalcique a permis 
d'élucider un certain nombre de points sur les méca- 
nismes de la réaction. Les quantités résiduelles d'au- 
tres aluminates (CAp et C,5A7) présentes dans le CA mo- 
difient les courbes de conductivité notamment au niveau 
du "palier de sursaturation". 


INTRODUCTION 


L'avancement de la réaction d'hydratation de 1]'aluminate monocal- 
cique peut étre suivi a travers la concentration en ions de 1'eau 
d'hydratation. 





Cette méthode de suivi de l'hydratation donne lieu a 1'établisse- 
ment de courbes de concentration de la solution en fonction du 
temps(1). On effectue, a intervalles réguliers, des prélévements 
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de la solution sur lesquels on procéde a une analyse chimique 
des espéces dissoutes. On observe ainsi des paliers de sursatu- 
ration qui finissent par retomber au niveau fixé par 1'équili- 
bre de solubilité des produits finaux (2 a 5). 


L'intérét de cette méthode est de déterminer trés précisément 
la concentration de chacune des espéces chimiques en solution 
et de permettre ainsi le suivi du rapport C/A en solution au 
cours de l]'hydratation. Des auteurs ont montré (6) que ce rap- 
dort varie lors de l'hydratation de l'aluminate monocalcique. 
L'inconvénient majeur de cette méthode semi-continue réside 
dans le fait qu'elle nécessite pour chaque tracé de courbe, un 
nombre trés important d'analyses. 


Afin d'avoir une mesure en continu, il est apparu intéressant 
d'enregistrer la conductibilité électrique de la suspension. 

En suivant 1'evolution de celle-ci, on compte de la méme facon 
tous les porteurs de charge en solution, sans connaitre leurs 
proportions relatives. Cette méthode, a la fois globale et sim- 
plifiée, sans avoir la rigueur de la précédente, peut la complé- 
ter. I] faudra bien entendu rester prudent au niveau de 1|'in- 
terprétation, puisque, dans le cas des aluminates de calcium, 

On peut obtenir la méme conductivité électrique avec des rap- 
ports C/A en solution différents. 


I - PREPARATION DE L'ALUMINATE MONOCALCIQUE 


Nous avons préparé le CA par réaction solide-solide : c'est le 
mode opératoire qui a permis la découverte des différents 
aluminates de chaux, et le procedé qui est utilisé industriel- 
lement pour les fabriquer. 


Des différentes études (8 a 13) de la réaction chaux-alumine a 
haute température (1400°C), il ressort qu'on ne peut synthéti- 
ser par ce moyen un CA de grande pureté. I] contient inévita- 
blement des traces d'un des produits intermédiaires de la réac- 
tion, qui sont d'autres aluminates de composition Cj9A7 et CApd. 





Sachant cela, nous avons cherché a obtenir un degré d'avancement 
aussi poussé que possible en prenant un certain nombre de pré- 
cautions dans la préparation de ]'aluminate, notamment dans 
l'homogénéisation des deux reactants solides. En effet, il a 

eté montre par ailleurs (14) que le nombre de contacts entre 
jJrains etait un des paramétres les plus importants pour 1'‘avan- 
cement des réactions solide-solide. 


I - 1) - CHOIX DES REACTANTS - 

Nous avons choisi (15) une aiumine a RHONE POULENC Ref.LS20, a 
faible teneur en soude, et 2 température de calcination moyenne 
(1250°C), relativement active (16), et le carbonate de calcium 
R.P.E. CARLO ERBA. Aprés dessication préalable, ces deux pro- 
duits sont pesés dans les proportions stoechiométriques désirées. 


I - 2) - HOMOGENEISATION DES POUDRES - 

Cette opération est a la fois trés délicate et trés importante, 
quand il s'agit comme ici de solides trés finement divisés. En 
effet, le nombre de contacts entre les grains de chacune des 
deux poudres et l]'homogéneité du mélange en dépendent en grande 
partie. Nous avons pu observer en particulier que les différents 
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mélanges a sec de ces deux poudres, méme au moyen d'appareils 
performants, sont imparfaits. Pour obtenir un mélange homogéne, 
la mise en suspension des poudres en milieu liquide est un moyen 
efficace. 


Pour cela, nous avons utilisé l'eau, dans laquelle les réactants 
sont extrémement peu solubles, et qui semble bien dissocier les 
agrégats entre grains d'une méme poudre. Pour favoriser encore 
la dispersion des agrégats et le mélange intime des deux poudres, 
nous avons réalisé l]'opération de mise en suspension dans la 
jarre de broyage (en carbure de tungsténe) d'un broyeur plané- 
taire, et nous avons, dans un deuxiéme temps, cobroyé en milieu 
liquide les deux réactants pendant quelques minutes. L'eau est 
ensuite @€vaporée sous agitation constante de la suspension, de 
facon a éviter d'éventuelles s@égrégations par décantation. Ce 
mode opératoire en milieu liquide réalise un bon contact entre 
les deux poudres et élimine tout collage sur les parois avant 
l'opération de mélange proprement dite. 


Ce mélange par mise en suspension en milieu liquide s'apparente 
au procédé industriel dit "par voie humide". 


I - 3) - DECARBONATATION + PASTILLAGE - 

Apres décarbonatation atmosphérique a 1000°C pendant 1 h 30, la 
poudre est pastillée sous une pression de 2,5 T/cm¢, de maniére 
d assurer pour la cuisson le plus grand nombre possible de con- 
tacts entre grains des deux réactants (14). 


I - 4) - CUISSON - 

La pastille, placée dans une nacelle en platine, est portée en 
environ 2 heures, a haute température (1450°C), sous air, et est 
maintenue a4 cette température durant environ 6 heures. A 1'issue 
de cette cuisson, la pastille se refroidit a la vitesse naturel- 


le du four. 


En suivant ce protocole opératoire, nous avons obtenu diverses 
préparations de CA, et différents aluminates en faisant varier 
les proportions relatives de chaux et d'alumine. Ces composés 
ont ensuite été utilisés pour nos essais d'hydratation en calo- 
rimetrie et en conductimétrie. 


II - NON-REPRODUCTIBILITE DES ESSAIS D'HYDRATATION EN CALORIMETRIE. 


Au cours de notre étude, nous nous sommes heurtés a des diffi- 
cultés de reproductibilité des essais d'hydratation en calorimé- 
trie isotherme, difficultés signalées aussi par LONGUET (15,13) 
ce qui est d'autant plus surprenant que, dans les mémes condi- 
tions, la cinétique d'hydratation du sulfate de calcium est, 
elle, bien reproductible (7). 


Aprés de nombreuses recherches (16), nous avons établi que la 
répartition granulométrique de la poudre est la cause principale 
de la plus ou moins bonne reproductibilité de I]'hydratation 

"en pdéte pure". En effet, cette mauvaise reproductibilité est 
1iée a la présence de trés fines particules et n'est plus obser- 
vée, aprés un tamisage efficace de la poudre, permettant d'avoir 
des grains calibrés, donc des espaces intergranulaires relative- 


ment bien réguliers. 


Ceci montre que, dans les conditions de I'hydratation en pdte, 
les paramétres fixant la qéométrie du systéme reactionnel ont 
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une grande importance sur la reactivite d'une poudre. 
III - ESSAIS DE CONDUCTIMETRIE - 


Nous avons été amenés a4 utiliser cette autre technique expérimer 
tale de suivi de Il'hydratation de l'aluminate monocalcique qu'est 
la conductimétrie électrique, du fait de la non-reproductibilite 
des essais de calorimétrie, et surtout en raison du grand inte- 
rét de cette deuxiéme methode. 


III - 1) - OBSERVATIONS PRELIMINAIRES - 

Il faut dire cependant que, malgré toutes les précautions prises, 
nous n'avons pas obtenu une bonne renroductibilité dans les con- 
ditions des essais de conductimétrie. Cependant, le manque de 
reproductibilité, moins important que dans les essais de calori- 
metrie, autorise un certain nombre de conclusions. La cause de 

ce phénoméne semble étre ici la formation aléatoire d'une fine 
pellicule de particules ultrafines qu'on observe a 1]'interface 
liquide-air, et dans laquelle semble s'amorcer l'hydratation(16). 





La conductibilité électrique de la solution au cours de 1'hydra- 
tation du CA est d'environ 3 mS/cm. Quelle que soit l'origine de 
l'aluminate, nous n'avons jamais observe de véritables paliers 

de sursaturation, il s'agit plutét d'un maximum fortement aplati. 
Une analyse des phases solides, preésentes, juste apres la chute 
de la conductibilité électrique de la solution, montre quel'anhy- 
dre initial n'est pas hydraté en totalité a cette échéance. 


Un certain nombre d'"irrégularités" (qui se retrouvent pour tou- 
tes les prises d'essai d'une méme préparation - cf Figure 2a) 
apparaissent quelquefois, d'une maniére reproductible, sur les 
courbes d'hydratation, notamment au début et a la fin du palier 
de sursaturation. 


III - 2) - REACTIVITE DE L'ALUMINATE MONOCALCIQUE - 

Le principal facteur de la réactivité semble étre la composition 
minéralogique du matériau de départ : la réactivité dépend en 
premier lieu de la présence a 1'état de traces, d'aluminates au- 
tres que CA. On observe en effet quand la préparation de CA con- 
tient des traces de CA? une augmentation de la durée d'hydrata- 
tion. En relation avec celle-ci, la conductibilité électrique 

de la solution atteint des niveaux de plus en plus bas. Inverse- 
ment la présence de C12A7 diminue la durée d'hydratation et aug- 
mente la conductivitée électrique (cf. Figure 1). 


III - 3) - EFFET ACCELERATEUR DES AJOUTS DE C12A7 - 

Dans les essais d'hydratation en calorimétrie, if est bien connu 
que des ajouts en proportion croissante de Cj,2A7 raccourcissent 
chaque fois un peu plus le temps d'hydratation d'une préparation 
de CA. 

Dans les essais de conductimétrie, le méme effet accélérateur 
par le C12A7 peut étre observé pour des ajouts de ce composé in- 
ferieurs a 1% en poids (cf. Figure 2a) 


L'évolution des courbes de conductimétrie, en fonction de la 
proportion de C12A7 ajoutée en mélange, est similaire a celle 
obtenue pour des préparations de CA comportant des quantités 
croissantes de C12A7 formées au cours de leur synthése (compara? 
son des Figures 2a et 1). Toutefois dans le cas des mélanges, 
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ces effets se manifestent pour des proportions bien plus faibles 
de C12A7 ajouté. 

En particulier, le décrochement dans la premiére partie forte- 
ment croissante de la courbe de conductivité, d'‘autant plus pro- 
noncé que la proportion de Cj9A7 est importante, apparait ici, 
dans le cas des mélanges, pour des additions de Cj2A7 inférieures 
a4 1%. Ceci prouve que cette “irrégularité" est bien due a la pré& 
sence dans le CA de Cj12A7 résiduel. 


Ce décrochement est encore plus important lors de I'hydratation 
de C12A7 pratiquement pur (cf. Figure 2b). 


Cette brusque retombée de la conductiviteé electrique, associée 
ad la concentration des espéces ioniques en solution, ne peut 
étre attribuee qu'a la précipitation a cet instant d'un produit 
d'hydratation. 

Cette observation corrobore la mise en evidence de C2AHg et de 
gel d'alumine dés le début de la période athermique, dans les 
conditions d'hydratation de la calorimétrie (17). 


Cette precipitation, peu apres le contact avec l'eau n'empéche 
pas pour autant 1]'établissement d'un palier de sursaturation qui 
peut se maintenir pendant plusieurs heures. La sursaturation se 
maintient donc en présence de quantités notables de produits hy- 
dratés, si l'on en juge par l'amplitude du décrochement que pro- 
vogue leur apparition. 


I] parait logique alors de considérer que ces paliers sont le 
résultat d'une compétition entre la précipitation continue de ces 
produits d'hydratation et la dissolution du CA. Ces paliers sont 
d'ailleurs d'autant plus hauts, que la dissolution de la prépara- 
tion considérée est plus rapide. La nature cinétique de ces pa- 
liers est encore confirmée par leur forme de maximum aplati que 
nous observons au cours de ces mesures en continu. 


I] semble donc que la conception du mécanisme d'hydratation pro- 
posé (7) pour le sulfate de calcium puisse s'appliquer dans ses 
grandes lignes a 1'aluminate monocalcique. 


L'adjonction de chaux vive CaO (6,16) provoque des effets analo- 
gues a l'ajout de C12A7 (bien que pour des quantiteés différentes), 
ce qui peut laisser supposer que le réle accélérateur du Cj9A7 
dans I'hydratation du CA est dd au passage preférentiei du 
C1 2A7 en solution. En particulier, le phénoméne transitoire 
(d'amplitude trés marquée) que le C12A7 présente lorsqu'il est 
pur, des son premier contact avec 1] eau (cf. Figure 2b) pourrait 
s'expliquer précisément par un rapport stoechiométrique en solu- 
tion chaux/alumine nettement supérieur a l. 

CONCLUSION GENERALE 
L'introduction de la technique expérimentale de conductimétrie 
en tant que méthode de suivi de la réaction d'hydratation permet 
de progresser dans la connaissance du mécanisme d'hydratation de 
l'aluminate monocalcique. La réactivité des préparations d'alumi- 
nate monocalcique dépend essentiellement de leur composition mi- 
néralogique ; c'est a dire des quantités residuelles des autres 
aluminates CA ou Ci2A7 qu'elles contiennent. Avec les prises 
d'essais contenant du C,9A7 (soit qu'il ait été formé lors de la 
synthése, soit qu'il ait été ajoute), on observe sur les courbes 
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de conductivité, un décrochement avant 1'établissement du palier 
de sursaturation. Cette "“irrégularité" met en évidence, 1a encore, 
la précipitation d'un hydrate dés les premiers instants de la réac- 
tion d'hydratation. L'établissement postérieur du palier de sursa- 
turation laisse penser que ce dernier est lui-méme did a la compé- 
tition entre la précipitation de ces produits d'hydratation et la 
dissolution de l'anhydre. La nature cinétique de ces paliers est 
confirmée par l'‘'allure des courbes de conductivité pour des prépa- 
rations d'aluminate monocalcique de réactivité croissante. Une 
augmentation de la cinétique de dissolution entraine une élévation 
de la conductivité de la solution et un raccourcissement de la du- 
ree du palier de sursaturation. 


La conception du mécanisme d'hydratation proposé pour le sulfate 
de calcium (7) s'applique donc, dans ses grandes lignes, a l'hy- 
dratation de ]'aluminate monocalcique. 


BIBLIOGRAPHIE 
L.S.WELLS, E.T.CARLSON, J.Res.Nat.Bur.Stand. ,57,6,R.P.2723(1956) 





D.MENETRIER, These, Dijon (1977) 
-BERTRANDIE, Thése, Dijon (1977) 
.BARRET ,D.MENETRIER,D.BERTRANDIE, Cem.Concret.Res.4,545,(1974) 
.BARRET ,D.MENETRIER,D.BERTRANDIE, Cem.Concret.Res. ,4,/23,( 1974) 
.BARRET ,D.BERTRANDIE,C.R.Acad.Sc.Paris, 288, 106, 291(1979) 
.GALTIER,M.SOUSTELLE,B.GUILHOT, Cem.Concret.Res. 13, 703(1983) 


.J.BALDOCK,A.PARKER,I.SLADDIN,J.App!.Cryst.3,188,(1970) 


,HORKNER ,H. K.MULLER-BUSCHBAUM, J. Inorg. Nuc] . Chem. 38, 983 , (1976) 


.AUDOUZE ,Thése Clermont-Ferrand (1958) 
W.DE KEYSER,Bull.Soc.Chim.Belg.60,516, (1951) 


E.CALVET,H.PRAT,"Récents Progrés en Microcalorimétrie", Monographie 
DUNOD N°6 (1956) 


M.DE TOURNADRE, Thése, Marseille (1964) 
M. COURNIL, Thése, Grenoble, 1980 


P.LONGUET, Communication au XXIVe Congrés International de Chimie 
Industrielle, Bruxelles (1952) 


P.GALTIER, Thése, St-Etienne, 1981 


P.GALTIER, B.GUILHOT ,M.MURAT,A.BACHIORRINI ,A.NEGRO,7e Congrés 
International de Chimie des Ciments, Paris, 1980, Septima, vol II, 
pII-214 





CEMENT and CONCRETE RESEARCH. Vol. 14, pp. 686-692, 1984. Printed in the USA. 
0008/8846/84 $3.00+00. Copyright (C) 1984 Pergamon Press, Ltd. 


EFFECT OF SO, ON FORMATION AND HYDRAULIC REACTIVITY OF BELITE 
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ABSTRACT 
S03 accelerates the formation of belite between 1100 and 1300°C. Its 
efficiency rests on the permanent generation of CaO in statu nascendi 
by the equilibria CaSO, 2 CaO + S03 and S03 2 S02 + 1/2 02. Via the 
gaseous phase this CaO is transported to Si0? and reacts there to 
belite. Only 0.5 - 1.5% S03 are dissolved in belite stabilizing its 
8-modification, but without increasing the hydraulic reactivity 
markedly. 


Introduction 


In the past ten years various investigations have been carried out using 
S03 as a mineralizing agent for clinker burning and as an ingredient for pro- 
ducing new types of cement. Odler and Abdul-Maula (1) studied the effect of 
S03 on lime conversion and found an acceleration up to 1300°C. Wachtler (2) 
observed a decreased 011 consumption when S03 is present in quantities adapted 
to the alkali content. 


Starting from iron-rich raw materials and CaSOq (CS), Metha (3) invented a 
hydraulic cement of the approximate phase composition of 35% belite, 30% CgAF, 
20% CqaA3S and 15% CS (belite = CoS containing foreign oxides in solid solu- 
tion). Although alite is missing, the attainable strength parameters are com- 
parable to those of portland cement. Alite is also missing in porsal cement 
developed by Viswanathan et al. (4), which has a phase composition of 50-60% 
belite, 10-20% C4A3S, 5-20% CA and 0-20% Cy2A7. The good hardening properties 
of this cement are accompanied by a high sulfate resistance. 


Because belite is the main constituent in these two cements and in the 
active belite cement proposed by Stark, et al. (5), we thought it would be use- 


ful to study the influence of S03 on the formation and the hydraulic reactivity 
of belite without other phases being present. 
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Formation of Belite 





Specimens of four different series were burnt: 


A: without CS in the raw mixture and in a normal atmosphere, 

A' : without CS in the raw mixture and in a stream of dried air, 

B : with 5% CS in the raw mixture and in a normal atmosphere, 

C : without CS in the raw mixture and in a dried stream of 99 vol.% air 
and 1 vol.% S0,. 


The raw mixture prepared from calcite, aerosil, boehmite, goethite, peri- 
clase, orthoclase and albite had the composition of the average belite in port- 
land cement clinker Cag7MgAlFeNaq /2K1/2(A13Siq01g0)analysed by Yamaguchi (6). 
After burning the pressed mixtures at 1000-1400°C for various times, the degree 
of reaction was determined from the CaO conversion (series A and B) or from the 
Si09 conversion (series A' and C). 


Figures 1-3 show the mineralizing effect of S03. The DTA curves in Fig. 4 
express it also by shifting the belite formation peak I from 1320 down to 1200°C. 
The DTG curve B reveals a mass loss beginning above 1100°C. This indicates the 
decomposition of CS and the transition of S03 into the gaseous phase. It is 
remarkable that beginning from this temperature, a higher reaction degree of 
series B compared to series A becomes visible in Fig. 1. 


From high temperature Guinier photographs of samples during heating up to 
1200°C and from Guinier photographs of samples quenched after heating, it could 
be seen that in addition to the major phase belite, other phases were also formed: 


A : CS (950-1100°C), : 

B : CS (950-1100°C, C5SeS (1050-1250°C), C4A3S (1050-1350°C) and remaining 
CS (up to 1300°C), : 

C : CS and CS (both up to 1300°C) and CgA3S (up to 1350°C). 


In the series C, the CS contents varied with temperature, e.g. from nearly 
15% at 1177°C to only traces at 1300°C, and C5S9S was not surely detected. The 
latter might be explained by the dry atmosphere, in which the samples were burnt 
and in which, according to Pliego-Cuervo and Glasser (7), no C5S2S will be formed, 
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So3-effect at 1177°C, A’ : without DTA/DTG curves of the 
S09, C : with S0o, D(raw) = 1.72Mg/m3 raw mixtures A and B. 


but CoS and CS are co-existing under these conditions. In order to elucidate 
the action mechanism of the S03 mineralizer, a test developed by Sharp, et al. 
(8) was applied. This tests decides whether the diffusion of the reactants to 
each other, D(a), the phase boundary reaction, R(a), or the nucleation and the 
growing of the product phase, A(a), is the rate controlling step in a solid 
state reaction. For all a-values of Fig. 2, the reduced times t/to.5 (to.5 is 
the time for 50% reaction) were calculated and faced to Sharp's theoretical 


values in Table 1. 
Table 1 


Experimental Data of a and t/tg.5 Opposed to the 
Theoretical Values of D(a), R(a) and A(a) 
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A comparison of the columns "series A" and "D(a)" indicates that the belite 


formation reaction is a diffusion controlled one. From this, it follows that 
the rate increasing effect of S03 must rest on the acceleration of the transport 
of the major reactants CaO and Si09 to each other (for discussing "series B", 


see later). 
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mechanism of SO3 seems more likely than 
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By assuming a CaO vapour pressure of 1.0 Pa at 1200°C, an estimation according 
to equation (k) in Schafer (9) makes evident that all the CaO in our samples is 
transported along a distance of 25 um during half an hour. From this estimation 
and the good accordance with the results of Odler and Abdul-Maula, this action 
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Two ideas about the action mechanism of S03 arose from the preceding re- 
sults which had to be examined by further experiments: 


1. This mechanism is based on the decomposition of CS above 1100°C. After 
decomposition, S03 might be incorporated into the ane of are growing Ca9Si04 


crystals. When (Si0q)*~ units are part- 
ially substituted by (S0q4)¢~, vacancies 
in the Ca sublattice result, which makes 
the Ca2* diffusion through the reaction 
layer easier. That S03 is really incor- 
porated could be guessed from the down- 
wards shift of the a' + a transition peak 
II in Fig. 4, and it was finally detected 
by electron probe micro analysis (EPMA). 
The measured S03 contents given in Fig. 5 
indicate that 0.6% is taken up by a'-CoaS, 
i.e. in the effective temperature range 
of S03, only 0.6% vacant sites are cre- 
ated in the Ca sublattice. Because this 
small ratio of vacancies cannot explain 
the intense S03 effect satisfactorily, 
another mechanism was looked for. 


2. This mechanism bases on the sim- 
ultaneous decomposition and formation of 
CS between 1100 and 1300°C. From this, 
it follows that between those tempera- 


tures all reactants of the equilibria CaS0q < CaO + S03 and S03 2 S02 + 1/2 09 
are present, which means a permanent formation of CaO in statu nascendi. This 


th Si09. This assumption was tested by 


a simple experiment. The two pairs, CaC03-tablet/quartz-disc, and (3CaC03 + 
1CaS0q4)-tablet/quartz-disc, were slowly (and simultaneously) heated up to 1300°C. 
The partners in both pairs were separated by a 250 um thick platinum sheet with 

a 1mm hole in its center. The succeeding EPMA revealed that only in the pres- 
ence of CS, calcium silicates are formed on the quartz surface, cf. Fig. 6. 


Including Ca0, which comes from the decomposition of CaC03 and Si02, the 
S03 effect for the formation of CagSi0q4 can be summarized by the following re- 
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1/2 Si 0, — > 1/2 Ca,Si0, 





the first one. Another aspect which 


Supports this mechanism is that the values of series B in Table 1 deviate dis- 
tinctly from those of series A and D(a). 


This possibly indicates a shift of 
complex one (an overlapping of A(a) be- 


low a=0.8 and D(a’ above a=0.8) due to the change from a "through solid phases" 
reaction to a "via gaseous phase" reaction. 
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FIG. 6 
The reaction of CaO with Si09 


without S03: only formation of cristobalite (top) takes place 
on quartz, Ca is not detectable in EDS (bottom) 


with S03: formation of calcium silicates (top, bright areas) 
takes place on quartz, Ca is detectable in EDS (bottom) 


and K come from pollutions in CaC03 and CaSOq, respectively. 


Hydraulic Reactivity of Belite 





All belites studied were synthesized in the stability range of the a-C2S 
modification. The addition of CS to the raw mixture, the burning in a SO? con- 
taining atmosphere or the quenching of the samples alone keep the belites stable 
in the g-modification after cooling down to room temperature. But slowly cooled 
belites without S03 in solid solution dust to inactive y-CaS and lie, thus, out- 
Side of any consideration with respect to hydraulic reactivity. The other spec- 
imens were ground to a specific surface of 300 m@/kg, mixed with alite for blends 
of 75% belite + 25% alite and were hydrated in pastes with w/c = 0.5 at 20°C. 


During the first three days the heat of hydration was measured by means of 
differential calorimetry (10). After ten days the hydration was stopped by 
treating the samples with isopropanole and acetone, and the degree of hydration 
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3° 


Table 2 
Data of Hydraulic Reactivity 





burning cooling] heat of hydration | degree of 
phase temperature rate in in J/g after hydration 
in °C K/min eae eee ek 


g-belite 1430 1000 14 39 «2135~«~Cé«O.09 | 
1000 ee: oe | 











(0.5% S03) fs 
alite, MII 176 300 
(44)__ (75) 











The chemical composition of alite corresponds to the average 
alite analysed by Yamaguchi (6). The values in parentheses 
represent the alite portion of the heat of hydration. 

The relatively high heat of hydration after one hour hydration 
time in the S03-containing specimens might be caused by the 








was determined by X-ray diffraction from the unreacted parts of belite and alite. 
The obtained values are summarized in Table 2. 


From Table 2, it can be seen that 


- alite hydrates much more rapidly than belite corresponding to the ana- 
logue results published by Odler and Schuppstuh] (11) who studied the 
combined hydration of C3S and 6-C2S. 


belite with S03 in solid solution is maintained as 8-C2S at room temper- 
ature independent on the cooling rate. In the cements developed by 
Metha (3) and Viswanathan et al. (4), belite is also found to be in the 
8-modification. 


S03 retards the belite hydration during the first three days, but accel- 
erates it slightly after that period. 


a rapid cooling increases the hydraulic reactivity. But this effect 

is less significant here, than for active belite cement (5) or for Ba0- 
containing CoS (12), where the a'-modification was maintained after 
rapid cooling. 


From these results it can be concluded that belite is not the dominant phase 
which makes those special cements (3,4) so reactive, but rather phases such as 
CqA3S, CS, CA, Cy2A7 and CqgAF or their combined hydration including belite. 
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ABSTRACT 
A silica fume and a superplasticizer have been added to an ordinary 
easily flowing mortar composition.The optimal amounts of those cons 
tuents have been determined in order to obtain the maximum compressive 
strength for a constant workability.Large contents of silica fume and 
superplasticizer are needed(silica/cement=0.40 and superplasticizer/ 
cement=2.4% in dry weights).The compressive strengths are approximate- 
ly twice higher at 2,7 and 28 days as compared to the reference mortar. 
The drying shrinkage is slightly increased and the hydration kinetics 

is highly modified. 


}. 
! 


Introduction 





The use of condensed silica fume has been the subject of several recent 
studies, in particular in the nordic countries which are important producers 
of this industrial by-product (1-6).It has led to the definition a new 


of 
technique for achieving high strength concretes, given by Bache (2). An amount 
of ultrafine particles, for example ten to a hundred times smaller than the 
average size of the cement particles, is added to the concrete mix in order to 
fill the spaces between the cement grains. The water/cement ratio is thus de- 
creased, resulting in large mechanical strength increases. Condensed silica 
fumes seem very well suited for this_purpose owing to their very small size 
(B.E.T. specific surface= 10 to 25 m’/g) and their spherical shape. 


In practice, it is necessary to prevent the coagulation of the silica par- 
ticles by the calcium ions released by the cement. Superplasticizers appeared 
to be effective dispersing agents for the silica fume-cement system (2). A 
supplementary effect for strength improvement comes from the generally high 
pozzolanicity of silica fume (1,4,7-10). So the use of large quantities of 
silica fume added to the concrete mix with a superplasticizer has allowed the 
achievement of easily flowing concretes of low water/cement ratios (0.20 to 
0.30) and very high strengths (110 to 160 MPa in compressive tests on cast 
cylinders 10 cm x 20 cm at 28 days with ordinary aggregates (2) }. 


The first aim of the present work was to evaluate the highest strength 
increase attainable with an easily flowing mortar using ordinary sand and 
cement by addition of a silica fume and a superplasticizer. It was also decided 
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TABLE 3 





Chemical analysis of silica fume (%) 
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P 15-403. 







TABLE 4 





Equivalent diameter (mm) 


























e) Mortars. A standard sand to cement ratio of 3 was choosen. The mixing 
i i i C_-AN32 and P 15-41] 

procedure was in conformity with the standards P 15-403 and ce bise, 

excepted for the mixing time increased from 2 x 2 mn to 3 x 2 mn at high 


speed. Silica fume was added premixed with the cement. 










Mechanical tests 









a) Workability measurements were performed with a "maniabilimetre LCL 
described in the standard P 18-452. This device measures the flow time 
between two reference marks for a mortar semple flowing in a vibrating box. 

















b) Compressive and flexural streneths were measured on 4 x 4 x 16 cm 


° 


prisms kept at 20° c + 1°c and 90 % + 5 RH until testing (standard P 15-451). 









c) Drying shrinkage was measured on 4 x 4 x 16 cm prisms kept at 20°c 
4 1°o eng-50 + § K.H. -{P 15-493}. 
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Physico-chemical tests 





a) Adsorption measurements. Suspensions of SF (5g/1) in aqueous solutions 
of superplasticizer (0.04 to 0.40 g/1) and lime (I g/l) were stirred du- 
ring 1 hour at 20° C. The suspensions were centrifugated and the amount 
of adsorbed superplasticizer was determined by measuring the concentration 
remaining in solution by UV spectrophotometry. 





b) Isothermal calorimetry. The heat evolutions of pastes during hydration 
were recorded with an isothermal conduction calorimeter (designed by CERILH, 
(11)). The cells contain 40 g of cement ; water is injected into the cells 
when complete thermal equilibrium is reached. A mixing device permits a 
short mixing inside the cells. 





Results and discussion 





Determination of the optimal SP and SF contents 





a) Adsorption of SP by SF. 
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FIG. 2 


Adsorption of SP by SF 
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SP/SF IN INITIAL SOLUTION IN % 


Fis 5Z ac ed by SF dispersed in lime water 
(1 g/l) a in solution before adsorption. 


CD fA 


SF is saturated at approximately SP/SF = 4 %. This value is not far from 
a rough estimate of the weight of a monomolecular film covering the surface 
of the particles. Taking for SP a density d = I.7, a molecular weight 
MW : 1 700 g ( according to the manufacturer ) and a specific surface 


wes i783 mg, assuming a cubic elementary volume, the weight of the 
monomolecular layer of SP is, for I g of silica 


1.700 


5 Pers 10°. 6.023. co 


3 . 17.0.10° 23.10 "kg /g silica 





1.7.5 
= 0.034 g/g silica 


Sr > 
or oF 3.4 3 


b) Determination of the SP content by the workability test. Two sets of 
workability measurements were carried out with two silica/cement ratios 
SF/C : 0.30 and 0.40. The water to cement ratio was determined as a function 
of the ratio SP/SF (from 0 % to I0 %) with a constant workability of 15 s 
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+ 5 s. The results are on Fig 3. When the SP/SF ratio increases until ap- 
proximately 6 %, the W/C ratio decreases sharply. Beyond 6 %, this decrease 
is much less significant. This figure was taken as the optimal value for 
SP/SF. It is higher than the saturating amount of SP determined in a) (4 %). 
We may suppose that the difference (SP/SF = 2 %) is adsorbed on the cement 
particles. 
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c) Determination of the SF content. Another set of workability measure- 
ments was made at a constant SP/SF= 6 % and varying SF/C (from 0.20 to 0.60). 
Fig 4 shows the W/C versus the SF/C at constant workability of 15s +5s. 

A minimum appears for approximately SF/C =0.40, this has been taken as the 
optimum ratio. 























In conclusion, the optimal composition was assumed to be SF/E = O2467 


SP/SF = 0.06 giving W/C # 0.34 for a workability of 15 s. 
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This water reduction does not fit with the water reduction that we 
should have attained if the cement intergranular spaces of the reference mor- 
tar were simply filled with SF. As a matter of fact, the total volume of wa- 
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ter+Silica + air (V V + VY.) should be equal to the volume of water + 

Bar tN"... + WV") OF “the reference mortar. On thie basis of the results pre- 
viously given, we may assume that 2 % out of the 6 % SP/SF ratio is adsor- 
bed by the cement, therefore we should consider a reference mortar contai- 

ning SP with a ratio SP/C = 2 x 0.4 = 0.8 %. For a workability of 15 s + 

the W/C ratio of this reference mortar is 0.41. Air content measure- 

ments showed no difference between the optimal mortar and this reference 

mortar (air entrained = 5 % ). So we can calculate a partial porosity 

ay W FS 

to be compared to p’r= ; = 0.41 cm .g 


for the reference. This discrepancy could be explained partially by the fact 
that the ultrafine particles increase the viscosity of the interstitial 
phase filling the cement intergranular spaces, thus at constant workability 
we could expect an increase of the water content in comparison with the 
quantity just needed by a partial replacement of water by ultrafine parti- 
cles. But we can also suggest an interference effect between the biggest 
silica particles and the smallest cement particles. We cannot assess the re- 


lative importance of those two effects. 


Mechanical properties of the mortars. 





)Stre 
constant workability (1 





treneth measurements. series of strength measurements were 
15 5. + 
é 


1) at constant SF/C (0.40) and varying SP/SF (from 0 to 10 %, 
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Compressive strength vs. 
SP/SF at 7 days and 28 
days. 
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nstant SP/SF (6 %) and varying SF/C (0.20 to 0.60, Fig. 6) 


results confirmed that the composition designed for obtained the 
t W/C ratio at constant workability (SF/C : 0.40, SP/SF : 6 %) gives 
the highest strengths.Table 5 shows the different mortar compositions 
r 


ared for comparison with the optimal composition (n° 1). 
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FIG. “6 


Compressive strength vs. 
SF/C at 7 days and 28 


days 





IN MPA 


COMPRESSIVE STRENGTH 





Bees 


0.40 0.50 


SILICA FUME/CEMENT 





TABLE 5 
Characteristics of the mortars 


prepared for mechanical tests 





| mortar 


number 
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The sample n° 2 contains the same SP/C ratio as n° 1 with no SF anda 
W/C giving the same workability as n° 1. Sample n° 3 contains the same SP/C 
and SF/C as the optimal composition and the same W/C as n° 2 in order to get 
a comparison at constant W/C with and without SF. Sample n° 4 contains no SF 
and a SP/C equivalent to the ratio assumed to be adsorbed by the cement in 
sample n° 1 (see section III : I.a). Sample n° 5 contains SF and has the same 


W/C as n° 4, Sample n° 


6 is the reference sample without SP nor SF with a 


W/C giving a workability of 15 s. 


Table 6 gives the results of the compressive and flexural tests at 2, 7 


and 28 days. 


We notice a very large compressive strength increase for mortar 1 compa- 
red to reference 6 : approximately 100 % for the three hydration times 
(2 d, 7 d, 28 d). The comparison between mortars 2 and 3 and between 4 and 5 


shows the existence of 
to the water reduction 
nic effect of SF (this 
studies). The flexural 
EZOn:. 


a supplementary effect of strength increase, not due 
brought by SF and possibly explained by the pozzola- 
point should be assessed by more precise porosity 

strengths are improved in a lesser amount by SF addi- 
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TABLE 6 
Flexural and compressive strengths 


(S. and S_) in MPa 
ig C 


2 days 7 days 28 days 


mortar number > Sp So Sp 3 








Cc 





1 19.24 77.54 74.54 99.0 
2 10.0 | 53.6 3.4 63.0 
3 leo 1 Jeon 4eees 2126 
4 7.6 | 46.7 B26 1 S264 
5 
6 














8.4 | 58.7 | 11.2 | 80.7 
Bae ESE fae Bale 
































b) Drying shrinkage. Fig. 7 gives the drying shrinkage of the mortar com- 
positions n° 1 - 2 - 6 of table 1. 





We observe only a slight increase of the shrinkage of the mortar contai- 
ning SF and SP (n° 1) compared to the reference mortar n° 6. But this shrin- 
kage is much smaller than that induced by the addition of SP alone (n°2). 


Isothermal calorimetry 





The different mixes prepared for the heat evolution measurements are gi- 
ven in table 7. The tests were made at 25.0°C. 


Fig. 8 shows the heat evolution of the cement - SF mixes ( samples Cl- 
C2-C3-C4). We observe an increase of the height of the second peak (C3S peak) 
and an acceleration and a sharp increase of the third peak (C3A peak) as the 
percentage of silica increases. DTA carried out on the hydration products 
has shown that the silica used in our study is highly pozzolanic, so the in- 
crease of the maximum C38 hydration rate is certainly due to this pozzolanic 
effect as it has already been observed on other pozzolanic materials (12). 
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TABLE 7 
Characteristics of cement - SF - SP mixes 
prepared for isothermal calorimetry 


Sample oF/G SP/C oy W/C 
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* higher W/C (1.00 instead of 0,50)were necessary for a homogeneous mi- 
xing inside the calorimeter cells when using cement - SF mixes. 


The acceleration of the third peak may be attributed to an acceleration of 
the rate of formation of ettringite caused by a decrease of the calcium hy- 
droxide concentration. Such an effect has already been reported for amorphous 
silica - Portland cement mixes (13) and also for pure components systems 
(C3A, gypsum, lime) (14). 


Fig.9 gives the heat evolution of the cement for different SP percenta- 
ges (C5-C6-C7-C8-C9-C10). We observe a reduction and a retardation of the 


SF/C=0% 
SF/C=5% 
SF/C=10% 
SF/C=40% 


FIG. 6 
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peak and also a retardation of the C3A peak but to a lesser extent so 
two peaks are getting closer to each other as the SP amount increa- 


-10 shows the combined effect of SF and SP (C11-C12-C13-C14) for a 


( 
ratio SF/C : 0,40 and varying amounts of SP. 


transformation of the heat curve of the cement-SF mix for increasing 
amounts of SP seems to be qualitatively the same as in the case of the cement 
alone : we observe a retardation of the C.S and C.A peaks, but to a lesser 
extent for the C.A peak so that the two peaks are superimposed for a ratio SP/C 


ars concerning the length of this retardation 
the retardation of the principal peak of the cement- 
very significantly increased as compared to the cement alone, 
SP/C is higher than 1.6 %. We suggest an hypothesis for ex- 
his increased CaS retardation on the basis of few preliminary che- 
which have shown that calcium ions and SP form a complex in 
aqueous ution thus increasing the calcium hydroxide solubility, and that 
this x is adsorbed on SF. Thus,in the case of the cement-SF-SP mixes, 
we have 1e superimposition of those two effects : an adsorption on SF of the 
calcium ions released by the cement particles and an increased solubility of 
calcium oxide (when the SP content is higher than the saturating amount 
for compl coverage of the SF surface so that SP is also present in solu- 
tion). This could explain,for high SP percentages, an increase of the tength 
of the induction period of the C.S hydration in the cement-SP-SF mix as 
compared to the cement-SP mix by increasing the amount of calcium ions relea- 
sed by C2S before reaching the critical supersaturation degree in calcium 
hydroxide of the interstitial solution. 


Conclusion 
that th dition of silica fume in large quanti- 
needs a ] re amount of superplasticizer (SP/SF 
order to achieve very high strengths. 
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effect between the respective granulometries of 


cement for this type of mix. 


Clearly be assessed in orde 09 define the 


In view of pratical applications, 
the mixing procedures and the aging of 
composition with cement). 
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ABSTRACT 


The present work reports the results of an experimental research on the correlation 






between the modulus of elasticity and the compressive stregth of concrete, which 





considerably disagrees with the indications provided for by some bodies of rules. The 






influence on structural design is then assessed by means of simple examples. 






Signification of fundamental symbols used 








R.. f. = cubic and cylindric compressive strength N - mm 

R. = mean value of Ro: 

Ri an = characteristic values of R. and fi. respectively; 

. = modulus of elasticity N- mm ?; 

Ee Eas e. = initial tengent, dynamic and static modulus of elasticity respectively N - mm °; 
E. = mean value of E- ; 

S = standard deviation; 

C, = coefficient of variation; 

f = frequency density; 

e = percent error of experimental results with regard to the proposed correlation; 
d = deflection of mideline cross-section mm; 





= critical load N-m_?; 


= normal stress for steel N - mm 
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Introduction 










The definition of the elastic modulus for concretes is not univocal, since concrete has 
a mainly visco-elastic behaviour. The experimental procedures existing in the different countries 
provide for the determination of both the initial tangent modulus of the stress-strain diagram E, 
and the secant modulus E.. The former can be determined by means of vibration methods [1, 2], 
the latter by tests with compressive static loading on the basis of test methods, according to which 
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unloading and reloading cycles between pre-established stress levels are carried out in order to 
remove the viscous component from the strain measure [3, 4]. 

For design purposes, the static modulus E, is to be considered in order to estimate 
the strain and displacement elastic components of reinforced and prestressed concrete structures, 
as provided for by the different national codes. In accordance with these codes, on the other hand, 
it is possible to estimate the value of the modulus to be assumed in computations on the basis of 
correlations with the cubic R. or cylindrical f. compressive strengths. 

On principle, a correlation between these two quantities is not justified by the exis- 
tence of a physical connection, the former being an elastic parameter, the latter a crushing par- 
ameter. The effort to determine empiric correlations is due to purely technical needs by structural 
designers, who demand a prediction criterion of the value of the elastic modulus with an approxima- 
tion suitable for the purpose. At present, several proposals for the form of the most suitable corre- 
lation have been advanced [6, 8, 12]. Apart from the ambiguity due to the introduction of strenght 
mean or characteristic values into such correlations, they are generally of the linear type with the 
square root of the compressive strength: the proportionality coefficient proposed is generally 
comprised between 5600 and 6600 for quantities expressed in N - mm 2. According to many 
investigators [5, 6], such correlations lead to estimate the value of the modulus upwards, so that 
one may think that they refer to the tangent modulus E. instead of the secant modulus E.. The 
Italian Technical Specifications currently in force (M.D. 26/3/1980), for instance, in accordance 
with the Specifications CEB/FIP 1972, suggest the use of the relation: 


E. =5700VR., (1) 


The most recent Model Code CEB/FIP 1978 reports the relation: 


Ec, =Se0o(t.. + 8)/3 = 8820(R_,. + 10) ; Reis, (2) 
which differs from the previous one not only in the form, but also because it leads to considerably 
lower values (Fig. 3). Therelations similar to Eq. (1) are generally based on the acceptance of the 
characteristic stress-strain diagram provided for by the above-mentioned specifications CEB/FIP 
1972. The following relation is similar in the form to Eq. (1), but is based on experience [7]: 


E. =4700V#, =4200VR_; R, = 1.25f, (3) 


It is proposed by the ACI Building Code 1971 [8]. This relation, however, cannot be directly 
compared with the previous ones, since it contains the mean value of the compressive strength 
instead of the characteristic value. The use of the different correlations proposed implies assess- 
ments of the static modulus of elasticity which remarkably differ one another, a fact that may be 
quite important for design purposes. 

The aim of this work is to check the reliability of the correlations proposed as well as 
to assess the influence of a wrong choice of the value of the elastic modulus on structural design 
by means of simple examples. On the basis of the indications provided by a previous work [9], 
the investigation has also been extended to thermally-treated concretes, since some national codes 
do not allow the above-mentioned relations to be used in the case of steam-cured concretes. 


Experimental programme 





The concrete used to cast the specimens was taken from casts performed in a precasting 
factory producing pieces of prestressed concrete. The nominal mix proportions per cubic metre 
were as follows: 187 kg of fine sand (10 per cent), 561 kg of coarse sand (32 per cent), 468 kg of 
crushed limestone 6 ~ 9 mm (26 per cent), 561 kg of crushed limestone 12 + 17 mm (32 per cent), 
200 | of water, 400 kg of Portland cement 525 and superplasticizer admixture (1.5 per cent). 
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These mix proportions were kept constant in all samples, apart from the variations typical of the 
concrete mixing plant and supplies. This choice, if on one hand has meant to work only with one 
kind of concrete, on the other hand has made it possible to consider all the causes of variability 
existing when using concrete. Moreover, it should be kept in mind that, in order to assess the 
characteristic and mean values of the quantities in exam, asufficiently sized sampling of homo- 
geneous material is required, so that extending the investigation to other kinds of concrete would 
have meant making the experimental programme too onerous. It should be noted, on the other 
hand, that the characteristics of the concrete used are substantially similar to those of the con- 
cretes generally used when casting prestressed pieces. 

36 samples were drawn in about one year and a half. Each of them was composed of 
12 prismatic specimens (15 x 15 x 45 cm) and 24 cubic specimens (15 x 15 x 15). Half of them 
underwent a heat treatment together with the structural elements realized with the same cast. 
They were then, together with the others, air-cured, i.e. treated by exposure to air at an even 
temperature and humidity inside the laboratory. The tests, for both types of curing, were carried 
out at the ages of 14 and 28 days, 3 and 6 months, 1 and 2 years. The quantities experimentally 
assessed are: 

— cubic compressive strength R_ according to UNI 6132-72; 

— secant static modulus of elasticity of concrete in compression E. and prismatic 

compressive strength R, according to UNI 6556-76; 

— longitudinal velocity of ultrasonic pulses V, according to BS 4408: Part 5: 1974 

° and relative dynamic modulus of elasticity E, according to the indications provided 
for by the Recommendation RILEM [10]. 

On the basis of some preliminary tests, it was possible to ascertain that the values of 
the static modulus determined according to the test methods proposed by UN! 6556-76, practically 
coincide with those determined according to the Recommendation RILEM CPC 8-1975. 









L 
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_Analysis and discussion of the experimental results 






In the Table 1 the test results relative to the quantities measured R,, E,; and Ey are sum- 
marized. The statistical parameters are reported for each set of data. On the basis of the table, it 
is possible to have an idea of both the changes in time and the distribution of the quantities re- 
presented. It is to be noted that, although the characteristic strength is defined only for tests 
carried out onspecimens 28 day aged, in this work the characteristic strength was calculated also for 
other ages, in order to correlate it with the elastic modulus at different ages (Model Code CEB/FIP, 
2.5.2). The values of the coefficient of variation Cy of the compressive strength, about 10 per cent, 
reflect the substantial homogeneity of the concrete used, thus justifying the statistical processing 
performed. A comparison between the values of the coefficient of variation of the elastic modulus 
points out a remarkable difference between the values C, for the static modulus and those for the 
dynamic one: the values of the latter are approximately half as high as those of the former. This is 
a consequence of the fact that the dynamic modulus was assessed on the basis of the velocity of 
ultrasonic pulses which reveals a remarkably lower dispersion with respect to the mechanical 
properties which can be correlated to it, that is the compressive strength and the modulus of elas- 
ticity. It is also influenced by parameters different from those which most contribute to change the 
mechanical characteristics. This is further pointed out by the curves of Fig. 1, which were obtained 
by fitting the points representing the mean values of the quantities measured at different ages with 
respect to the correspondig points after 28 days of curing. The considerable decrease in time con- 
cerning the dynamic modulus thus determined, in accordance with the results obtained by other 
authors [11], can be imputed to the influence of the loss of water on the velocity of ultrasonic 
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pulses. The relative decrement of the steam-cured specimens is lower, and this may be explained by 
the fact that, for such specimens, a more considerable loss of water takes place already during the 
cooling phase of the thermal cycle, as can be seen by comparing the values shown in Table 1. This 
influence, on the other hand, is not exerted on the values of the static modulus (Fig. 1). 


The static modulus of elasticity E, and the compressive strength R.. on the contrary, 
can be correlated, as it can be deduced from the curves of the figure 1. On the basis of the expe- 
rimental results obtained, the most suitable correlations have proved to be those of the form E. = 
a KVR. or E. =a(R, + b)”?, which, on the other hand, provide similar evaluations. 

By the relations (1), (2) and (3) it may be noted that the mean value of the elastic 
modulus is related either to the mean value of the strength or to the characteristic value. The results 
of the present work have been analyzed so as to obtain information on both procedures. The value 
of the numerical coefficient K of the relation between the mean values of the elastic modulus and 
the compressive strength has been assessed at each age of curing for both steam curing and air 
curing (Table 2) by regression according to the method of least squares. 

Considering that the values of K remain substantially constant, a global re-processing 
of the data available was decided. The correlation obtained is represented in Fig. 2, together with 
the corresponding confidence limits at 90 per cent, and is compared with Eq. (3), homogeneous in 
the form, of the A.C.I. Building Code - 1971. In Table 2 the values of the coefficient K’ of the cor- 
relation between the mean value of the elastic modulus and the characteristic value of the com- 
pressive strength are also reported. Such values have been fitted (Fig. 3) on the basis of a correla- 
tion of the form of Eq. (1). By way of comparison, in Fig. 3 are also reported Eq. (1) and (2). As 
far as the latter is concerned, the best-fit curve, to which it is formally homogeneous, of the experi- 
mental data obtained was also assessed. An analysis of the data reported in Table 2 and in Fig. 2 
and 3 leads to the following considerations: 

a) in Fig. 3 it is shown that the experimental vaues of the elastic modulus are considerably lower 
than those assessable on the basis of relations (1) and (2), with differences which cannot be ac- 
cepted at time of design, as illustrated in the following paragraph; 

b) from the same figure, it may be noted that such differences are not due to the form of the 




















Table 2 
. Values of the coefficients K and K’ of the 
we Hh a: OA Sali | correlations between the mean value of the 
| —— Air curing | | static modulus of elasticity and the mean 
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14 3724 | 4071 | 3706 | 4098 
3727 | 4046 

















3797 | 4178 
1428 90 180 365 730 180 | 3855 | 4208 | 3781 | 4136 
eta ania 365 | 3827 | 4179 | 3822 | 4192 
Fig. 1 - Ratio of the mechanical properties 730 3854 | 4223 | 3747 | 4123 
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Compressive strength R_[N - mm *] 
Fig. 2 - Correlation obtained and corresponding confidence limits at 90 per cent compared 
with the one proposed by the A.C.1. Building Code 1971. 


correlation, but rather to the values of the numerical constants contained in Eq. (1) and (2); 

c) in Fig. 2, on the contrary, it is shown that the values of the modulus obtained with the pre- 
sent research can be compared with those assessable on the basis of Eq. (3) for technical purposes. 
A comparison with the results recently obtained by other investigators [5, 20] would lead to the 


same considerations; 


d) on the basis of the results of this research together with the results obtained by other authors 
[5, 7] who have worked on concretes with different mix proportions and in other strength ranges, 
it may be adfirmed that the assumption of a valueof K ~ 4000 is suitable for tecnical purposes, 
admitting a difference of about + 15 per cent in the real value with regard to the estimated value 
(Fig. 4). This may be true for concretes which, as for mix proportions and maximum size of the 
aggregate, can be considered normal concretes; 


e) on the basis of the results obtained, we disagree with the discrimination done by some bodies 
of rules in adopting a correlation between the elastic modulus and the compressive strength for 
steam-cured concretes. In this regard, the only condition to be verified is that all the phases of the 
thermal cycle are suitably designed, so as not to damage the concrete structure [9]. 
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Influence of the value of the elastic modulus of concrete on structural design 


As a completion of the present work, some significant examples are reported in this 
paragraph in order to point out the importance of a suitable assessment of the elastic modulus 
of concrete to be considered in structural design. We don’t mean by this to treat the subject in an 
exhaustive way, which would deserve to be treated separately. Anyway, even without referring to 
complicated examples, however widely studied in several treatises [13, 14], the analysis of simple 
structural problems recurring in applied engineering may here suffice. 

Generally speaking, it may be adfirmed that a suitable assumption of the value of the 
elastic modulus of concrete is very important when it is of technical interest to predict displacements 
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Characteristic compressive strength R[N . mm *] 


Fig. 3 - Correlations proposed by the M.D. 26/3/80 
and by the Model Codel CEB/FIP 1978 in 
comparison with the formally analogous 
ones fitting the experimental values. 





Fig. 4- Histogram and normal distribution func- 
tion of the frequency density of the error 
of the experimental data with regard to the 
correlation of Fig. 2 and corresponding 
confidence interval at 90 per cent. 





"WUR3q P31aj}e} B]GNOP a}a19U0D p|dsOjUIa4 e UO js9} Hulpeo7 - G “bi4 








00992 PU ALLLE 


00962 PUAN 00zr 


Leo 


O6vze =|, (OT + Pu) Oz88 


Di 
u01}931480 


OSO9E PY A OOLS 


626L2 jepUsWIIadxe 
nm 








_ww.N] ie 


s ia); 


[.. 














4 











[sunoy] Swit 





6zZ6/Z= *3 : Ajidi}seja yo Snjnpow 31}e}s 
Ov = Py + Ypbuss}s aAlssasdWod I1}4s149}De1eYd 
-N96v= "YH : y}buas}s aAisseidwod urea e 


SLSYONOD JO S3ILYSad0"d IWIN3SWIYdSdxS 


Pascale and A. 





G. 






































ELASTIC MODULUS, STRENGTH, CODES, DESIGN 


and/or strains so as to carry out compliance, stability and strength tests. To this purpose, three 
structural examples are reported in the following. The first one refers to the load-deflection link 
of a reinforced concrete precast double lean-to beam and is intended to check the experimental 
results obtained by means of a load test. The other two examples, the former referring to a com- 
bined torsional and flexural buckling, the latter to a strength test, aim at pointing out the con- 
sequences of an unsuitable assessment of the elastic modulus of concrete. 


lst example: reinforced concrete double lean-to beam (Fig. 5). 


The example refers to a load test carried out according to the static arrangement illus- 
trated in the figure and in conformity with the methods provided for by the Temporary Specifica- 
tion RILEM proposed by the 20-TBS Committee Testing Building Structures In Situ [15]. The 
mechanical properties of concrete determined on samples drawn when casting the beam are also 
reported in the figure. The maximum value Q._,,, of the test load rechead corresponds to that of 
the service load. The table reported, together with the figure, permits us to compare the value of 
the elastic modulus determined experimentally with the values assessable by means of the relations 
reported in the table. On the basis of such values, we have reported the ratio of the corresponding 
calculated values of the mideline deflection to the value determined experimentally - from which 
the downward displacements at the supports have already been eliminated-which can be deduced 
from the diagram obtained. 

By comparing the values of the elastic modulus, it may be noted that the value of the 
modulus of the concrete of which the beam is made (27929 N - mm~ ?) is substantially consistent 
with the values assessed on the basis of the relations proposed by A.C.I. (29600 N - mm~ ?) and by 
the authors (26600 N - mm~ ?): the variations are included in the estimate ranges reported in Fig. 2. 
The assessment upwards consequent to the indication provided for by the M.D. 26/3/80 (36050 
N - mm ?), which is not acceptable for design purposes, is confirmed. Consequently, a comparison 
between the expected compliances leads to the same considerations. 
2nd example: prestressed concrete bridge beam being temporarily lifted (Fig. 6). 

For this kind of structural elements, considering their limited stiffness to lateral deflec- 
tion, a combined torsional and flexural stability test should be carried out during the lifting and 
transport phases, during which the beam, which is subject to its own weight, is hooked by means 
of a suitable equalizing rocker arm in two symmetrical points, generally next to the extrados. 
The critical load can assessed [6] by the relation: 

1 El, 
a 8 
e being the eccentricity, i.e. the distance of the lifting point from the centre of gravity G of the 
cross-section (in this case, e = 83 cm), and @ a coefficient depending on the parameter c. As for 
the case in exam, & = 16.25 m, we have reported in the graph of Fig. 6 the link between the critical 
load and the static modulus of elasticity with regard to two lifting configurations including the ones 
generally used. The most delicate phase is obviously the lifting of the form to be taken to the 
storage place, where concrete is left to cure for a period lower than 24 hours. As far as this phase 
is concerned, the mechanical characteristics of the concrete of which the beam was made were 
the following ones [16, 17]: R, =39.8N-mm~* and R,, =35.7N- mm 2: assessed during 
the current production. Corrispondingly, the modulus of elasticity can be assessed according to the 
relation provided for by the Model Code CEB/FIP (E. = 8820 (R_, + 10)” = 31534 N- mm?) 
and the one proposed by the authors (E, = 3777V R. = 23828 N - mm”). The values of g., for 
both configurations considered are reported in the graph of Fig. 6. Comparing the first relation with 
the second one, a considerable reduction (~ 25 per cent) in the safety factor g_./g may be noted, 
g being equal, in this case, to 8300 N - m2, up to values lower than 2. 
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Fig. 6 - Prestressed concrete bridge beam being lifted 


3rd example: steel-concrete bridge beam (Fig. 7). 

The safety check of such beams can be carried out, provided that the sections remain 
plane, by means of the homogenized section method [13, 14], with regard to the initial time t = ty 
and the final time t = oc [18, 19]. Referring to the section of Fig. 7, the stress state according to 
the values of the elastic modulus of concrete assessed on the basis of the value hh. =30N-mm—? 
using the relation provided for by the Model Code CEB/FIP and the one proposed by the authors, 
was calculated. In order to compute the stresses at time t =, a coefficient of viscosity y(t,, L=3 
was adopted. The comparison points out the non-verification of steel stresses in the stressed region 
using the value of the modulus assessed by the authors (0, =— 161.8 N - mm ?) as against the posi- 
tive result (0. =— 132.0 N- mm”) on the basis of the indications of the Model Code CEB/FIP. 


Final considerations 





The main results obtained with this research consist in pointing out, first of all, that the 
correlations between modulus of elasticity and compressive strength of concrete provided for by 
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Fig. 7 - Safety check of a steel-concrete section subject to bending moment. 
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some European bodies of rules lead to an estimate upwards of the value of the elastic modulus at 
least as far as the concretes made up of crushed limestone are concerned. This fact has a consider- 
able influence on the structural design. Moreover, the exclusion of steam-cured concretes from the 
use of a correlation between modulus of elasticity and compressive strength is not justified. The 
substantial agreement of the results obtained with those published by other authors suggests the use 
of a generalized correlation of the kind E. = 4000 VR, at least for the most used concretes in 
non-massive structural elements, in which the maximum aggregate size is small. 
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ABSTRACT 
Blended cements prepared with two fly ashes were used as 
matrices in glass fiber reinforced cement (GRC) composites in an 
attempt to improve their durability. The hydrated matrices from 
the two blended cements investigated here had similar strength 
and composition. Both fly ashes reduced the Ca(OH) content to 
the same extent but in both cases the pH level was only slightly 
reduced compared to the portland cement matrix. In spite of these 
Similarities, the GRC prepared with one fly ash showed considerable 
improvement in durability while the other one had only a small 
positive effect. SEM observations indicated that the improved 
durability in one case was associated with modification in the micro- 
structure of the hydration products deposited in between the glass 
filaments, resulting in a much more open structure compared to that 
of portland cement matrix or the other blended cement. It is there- 
fore suggested that the potential of the blended cement matrix to 
improve the durability of GRC is associated with its ability to 
modify the microstructure of the paste at the glass interface. 
This characteristic is not necessarily related to the overal] 
composition of the blended cement matrix and to the reactivity of 
fly ash with Ca(OH)... 





















Introduction 





Cements pastes and mortars can be reinforced with glass fiber strands to 
produce a composite with high tensile strength and ductility. The improved 
mechanical properties of the glass fiber reinforced cement (GRC) composite and 
the manufacturing technologies developed make it a suitable material for pro- 
duction of thin elements with variable shapes (1)(2). However, one of the 
limitations of this composite is the degradation in mechanical properties on 
aging, especially in humid environments,which results in embrittlement and 
loss in tensile strength. This durability problem is the result of chemical 
attack on the glass by the alkaline cement environment (3)(4). It has also 
been suggested that growth of hydration products, mainly CH*, in between the 
filaments in the strand can result in reduction of the strain capacity of the 
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composite and can also lead to its embrittlement (3)(5)(6).Aspecial type of 
high zirconia glass, known as alkali resistant (AR) was developed and it has 
a better resistance to alkaline environment. However, tests of glass fiber 

strands of this kind (7)(8) as well as GRC composites prepared with this glass 
(9) have indicated that it is not immune to aging effects although it can sub- 
stantially reduce the rates of loss of mechanical properties of the composite. 


In view of these limitations, attempts have been made to improve the dur- 
ability of GRC by modifying the cementitious matrix, to reduce its high alka- 
linity and CH content which are believed to be the main causes for the aging 
problem. Various works have been reported using portland cements belnded with 
fly ash (10), pozzolans (11) and blast furnace slag (12), carbonated portland 
cement (13) and non-portland cement matrices like alumina cement (14)(15) and 
supersulphated cement (16). In some of these systems improvements in the dur- 
ability characteristics of GRC could be observed while in others no advantages 
were gained by the modified matrix. From the results of such reports no 
general conclusions can be drawn with regard to the correlations between matrix 
composition and aging of GRC. Therefore, they provide no basis for predicting 
the durability performance of GRC from the composition of the matrix. 


In the present work, the durability of GRC produced with blended 
cements of two different fly ash specimens was studied. The two fly ash speci- 


mens had a similar influence on the composition and mechanical properties of the 
blended cement matrices, but they were considerably different in their effect on 
the aging of the composite. The conclusions drawn from the similarities and dif- 


ferences in these systems may be helpful in resolving some of the complex char- 
acteristics of GRC composites prepared with modified cementitious matrices. 


Experimental 





Materials 


The composition and physical properties of the portland cement (OPC) and 
the two fly ash specimens (pfa A and pfa B) studied in this work are given in 
Table 1. The x-ray diffraction (XRD) patterns of the fly ash speciemns are 
given in Fig. 1. They were obtained with CuK, radiation at a scanning speed 
of 2°20/min. The two fly ash specimens have hardly any soluble alkalies but 
they are different in their CaO and Si02 contents: pfa A has a higher con- 
tent of CaO but is lower in Si02 content. The XRD patterns indicate that both 
fly ashes have similar peaks of crystalline compounds and that fly ash B seems 
to have a greater content of glassy material. 


Particle size distribution of the two fly ash specimens were determined 
by the hydrometer procedure of ASTM D422-63. The results are presented in 
Fig. 2. The curves in Fig. 2 and the Blaine fineness values in Table | indi- 
cate that fly ash A consisted of much finer particles. 


The glass fiber strands used in the present work were Cem-FIL 1 produced 
by Pilkington Brothers Ltd., Great Britain. 


Mix Composition 





The matrices in the present work were prepared from pastes of blends 
containing 15, 25 and 35% by weight of fly ash. The pastes were of similar 
consistencies and their water to solids ratio was in the range of 0.32 to 0.36. 
Control mixes of OPC pastes were prepared at water cement ratios in this range. 
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Table ] 
Composition and physical properties of fly ash specimens and portland cement 














OPC . 0 Baas" See 
Cad 63.48% rs 1.0 
Si09 21.14 41.6 52.0 
Al203 5.91 28.4 30.4 
Feo03 2.85 5.9 Pet 
Ti09 1.4 1.4 
MgO 1.56 Ye 0.37 
Na90 0.34 0.6 0.3 
K90 0.36 0.35 0.38 
Soluble Alkalies 0.031 0.013 
P2905 1.2 tee 
S03 2.56 2.0 0.24 
TSF 2.04 10.2 6.6 
na Fineness, Blaine 3200 7100 3600 








Density, g/cm3 































FIG. | FIG. 2 
x-ray diffraction patterns of the Particle size distribution of the 
two fly ash specimens. (MU-Mullite, two fly ash specimens. 

MA-Magnetite.,S-Quartz) 








Specimens 





The GRC specimens consisted of two layers of oriented continuous glass 
fiber strands which were placed between three, 3 mm thick layers of paste 
(Fig. 3). A special mold was constructed for this purpose and with the aid of 
spacers, the glass fiber strands could be accurately positioned. The glass 
fiber strands content was 1.1% by volume. The specimens produced were 210 x 
180 x 10 mm plates. Preliminary tests indicated that such specimens could be 
easily produced in the laboratory and their mechanical testing indicated that 
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FIG. 4 
Schmetic description of GRC speci- Load-deflection curves of reinforced and 
men and loading arrangement. unreinforced specimens prepared from OPC 
paste, after 28 days of water curing. 


their properties were similar in nature to commercial boards produced by the 
spray technique. In addition to that, the variability in the properties of 
the laboratory specimens was relatively small. 

Companion, unreinforced specimens were prepared in the same mold, and 
also as 25 mm cubes. 


Curing and Tests 





The specimens were demolded after one dav and then kept continuously in 


lime water at 20°C, up to one year. At different ages, the plates were cut in- 
to strips of 25 mm width parallel to the fiber direction. These were tested in 
Saturated surface dry conditions in flexure, by third noint loading over a span 
of 180 mm, as shown schematically in Fig. 3. Table model Instron was used for 
that purpose with cross head speed of 0.5 mm/min. Load-deflection curves were 
recorded and typical ones are given in Fig. 4, for reinforced and unreinforced 
specimens. The characteristics of GRC composite can be clearly observed in this 
figure. The load-deflection curve is linear up to the first crack load (the first 
discontinuity in the curve) and from there on multiple cracking takes place, 
which is characterized by discontinuities in the curve. In this region, the 
load is gradually transferred to the glass fiber strands and the increase in 
load over the first crack load is the result of the greater load capacity of 
the glass fiber strands. The higher load and larger deflections of the re- 
inforced composite, as compared to the unreinforced matrix, reflect the 
important advantages gained by the glass fiber strands reinforcement: 

increase in tensile strength, toughness and ductility. In the present work, 
the apparent modulus of rupture (M.0.R.) was calculated from the beam theory, 
using the value of maximum load for this calculation. The toughness was 
estimated by calculating the area under the load-deflection curve, which will 
be called work to fracture (W.F.). The coefficients of variation of M.O.R. 

and W.F. were usually smaller than 10% and 20%, respectively. The results 

are the average of at least six specimens. 


The unreinforced specimens were also tested at the same age to determine 
M.O.R. and compressive strength. Some of these specimens were ground, dried 
and analyzed by thermo gravimetric method to determine the CH content, using 
Perkin Elmer TGS-2. Non-evaporable water content was determined by weight 
loss on heating to 1050°C. CH content values were calculated as percent weight 
of the cementing material (portland cement or portland cement + fly ash) in 


the unhydrated paste. 
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An indication for the pH level of the different matrices was obtained by 
measuring the pH of a solution prepared with equal weights of ground hydrated 
paste and deionized water. Obviously, such a test will not yield the actual 
pH level of the pore solution of the paste, but it is useful for comparative 
purposes, to determine whether the fly ash in the blended cement had any 
effect on the pH of the matrix. 


SEM observations of the composites were carried out on the fractured 


Surface perpendicular to the strand orientation and also on the surface ex- 
posed when the specimens were split in the plane of the strands. 









Results 


Properties and composition of the matrices. 









The effect of duration of curing on the CH content of pastes of OPC and 
blended cements with 35% fly ash A and B are shown in Fig. 5. The CH content 
of the OPC paste increased continuously with time, with a rapid rate during 
the first 10 days and a slower one later on. The curves for the two blended 
cements were practically the same and their CH content was considerably smaller 
than that of the OPC. There is a rapid increase in their CH content during 
the first 10 days, and afterwards it remained constant for a while and then 
started to decrease slightly with time. The differences between the CH curves 
of OPC and the blended cements can be readily interpreted if a curve is drawn 
for a hypothetical case of a blend’ of OPC with 35% inert filler (Fig. 5). 
The CH content values in this curve are 65% of the values of the OPC curve. 
Up to about 10 days, the curves for the fly ash blends and the inert filler blend 
are practically identical, indicating that the fly ash in the blend is behaving 
as an inert filler. From this stage on, the differences between the 35% inert 
filler curve and the fly ash blends curves increase continuously with time, 
indicating that the fly ash is reacting to reduce the CH content liberated in 
the portland cement hydration. From these results it can be concluded that the 
reactivity of both fly ash specimens is similar, and at the age of 150 days 
they reacted with approximately 35% of the CH formed in the portland cement 
hydration. 
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water at 20°C on the CH content of pastes blended cements on the CH content of 
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The CH content-time curves for the 15% and 25% blends also indicated that 
the two fly ash specimens had similar reactivity with CH. This is also evident 
in Fig. 6 which shows the effect of fly ash content on the CH content after 
28 and 150 days of curing: the curves for the two fly ash specimens are very 
similar. The increase in CH content with decrease in fly ash content is ex- 
pected, since there is less fly ash to react and reduce the content of CH 
liberated in the portland cement hydration. 


The pH values at 28 days and 150 days are given in Table 2. They indi- 
cate that the addition of fly ash resulted in a slight reduction in pH level 
(about 0.1 and 0.2 at 28 and 150 days, respectively, for the 35% blends). 

The pH levels of the blended cements with the two different fly ash specimens 
were practically the same. The only small effects of blending with fly ash 

on the pH level could be explained on the basis of the work reported by Diamond 
(17) who showed that addition of 30% fly ash resulted in only a small reduction 
in the calculated pH level (.0.2 at 80 days). It was explained in that work, 
that since the concentration of OH (and therefore the pH level) is controlled 
by the concentrations of Nat and K* in the pore solution, it would be expected 
that, for fly ash specimens that do not remove or add Nat and K* to the so- 
lution, the pH would reduce only slightly and the fly ash could be considered 
as an inert filler, having a diluting effect only. The trends with the fly 

ash specimens tested in the present work can be explained in this way. 


Table 2 


pH values of pastes of OPC and blended 
cements hydrated for 28 and 150 days. 





Fly ash pH values 


content 28 days 150 days 











pfa A pfaB pfa A pfaB 





COMPRESSIVE STRENGTH, MPa 





13:02 13.02 a 

12.92 12.97 12.90 12.90 

12.94 12.96 12.83 12.79 AGE, DAYS 
12.93 . 42.91 12.76 12.72 FIG. 7 
Compressive strength development of 
pastes of OPC and blended cements 
with 35% fly ash, cured in water. 








The mechanical properties of the matrices, as estimated from compressive 
strength, indicated that the strength of the blended cement with fly ash A 
was somewhat higher than that of the blended cement with fly ash B, but the 
differences were not big and they tended to become very small at 150 days. 
This is demonstrated for the 35% blends in Fig. 7. The strength of the 
blended cements was always lower than that of OPC, and the differences were 
greater for higher fly ash contents. 


Mechanical properties of the GRC composites 





The effects of duration of aging on the M.0.R. and W.F. of GRC composites 
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Effect of aging in water at 20°C on Effect of aging in water at 20°C on 
the M.0.R. of GRC composites prepared the W.F. of GRC composites prepared 
from matrices of OPC and blended cements from matrices of OPC and blended 
with 35% fly ash. cements with 35% fly ash. 


with matrices of OPC and blended cements with 35% fly ash are shown in Figs. 

8 and 9. It can be clearly seen that the GRC with OPC matrix lost approxi- 
mately 50% of its M.O.R. and almost all of its W.F. after 150 days of water 
storage, and it became brittle at this age. The composite with blended cement 
matrix of fly ash A showed much better durability characteristics and the rate 
Je of loss of its M.O.R. and W.F. was much smaller; at one year it still retained 
50% of its original W.F. value and it was still considerably ductile. The GRC 
with blended cement of fly ash B showed some improvement in durability over 
the GRC with OPC matrix, but this improvement was considerably smaller than 
that obtained with the blended cement of fly ash A. 


The effects of fly ash content in the blended cements on the M.0.R. 
and W.F. of the GRC composites are shown in Figs. 10 and 11 for 150 days and 
1 year of aging in water at 20°C. These figures also demonstrate the consider- 
able improvement in properties that could be obtained with the blended cements 
of fly ash A. In this system the properties improved with increase in fly ash 
content, but the 1 year results (Fig. 11) indicated that the addditional ad- 
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Effect of fly ash content on the M.0.R. Effect of fly ash content on the M.O.R. 
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vantage gained by increasing the fly ash content from 25% to 35% was relative- 
ly small. The improvements gained by using blended cement with fly ash B 
were much smaller. 


SEM Observations 





Many broken filaments could be observed on the fractured surface of the 
GRC composite with OPC matrix that was aged for 150 days (Fig. 12a). The 
spaces between the filaments were filled with hydration products. Only a 
small portion of the filaments in the strand were pulled out and hydration 
products could be seen sticking to their surface (Fig. 12b). Observations 
of the specimens split in the plane of the strand (Fig. 12c) showed that 
in some zones a large portion of the spaces between the filaments was filled 
with hydration products that could form a dense packing (mainly CH) around 
the filaments. 


Observations of the fractured surface of the GRC composite prepared from 
matrix with blended cement of fly ash A and aged for 150 days in water at 
20°C indicated that, in most of the cases, the filaments in the strands were 
pulled out and no hydration products were sticking to their surface (Fig. 13a). 
The spaces between the filaments were usually free of any hydration products 
(Fig. 13b) and in the few cases where hydrating material was deposited in 
between the filaments, it was seen to be porous and not well crystallized 
(Fig. 3c). 


FIG. 12 
SEM micrographs of GRC composite 
prepared from OPC matrix and aged 
for 150 days in water at 20°C. 


fa) Fractured surface showing 
broken filaments. 

(b) Hydration products sticking 
to glass filaments surface. 

(c) Dense packing of hydration 
products around glass fila- 
ments. 
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SEM micrographs of GRC composites pre- 
pared from blended cement matrix (25% 

fly ash A) A) aged for 150 days in water 

at 20°C. 


(a) Fractured surface showing pulled 
out filaments. 

(b) Spaces between filaments, free of 
hydration products. 

(c) Spaces between filaments in which 
porous and poorly crystalline 
hydration products were deposited. 


The SEM observations of GRC composite prepared from matrix with blended 
cement of fly ash B and aged for 150 days in water at 20°C tended to be more 
similar to those prepared with OPC matrix, but it seemed to have a somewhat 
greater portion of pulled out filaments. Formation of crystalline CH envelop- 
ing the filaments could also be observed in certain zones (Fig. 14). 


FIG. 14 


SEM micrograph of GRC composite 
prepared from blended cement 
matrix (25% fly ash B) aged for 
150 days in water at 20°C. 
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Discussion 


The results presented in the previous sections indicated that the two fly 
ashes were equally reactive and reduced,to the same extent, the CH liberated in 
the cement hydration. They had a similar effect on the pH level and strength 
of the blended cement matrix. However, they were markedly different in their 
influence on the durability of the composite: one of them (pfa A) improved it 
significantly while the other (pfa B) resulted in only a very limited improve- 
ment. SEM observations indicated that the composites prepared from blended 
cements of the two fly ash specimens were different in the paste microstructure 
in the vicinity of the filaments and in between them. This difference may 
account for the differences in the aging characteristics: the blended cement 
with pfa B produced a composite in which the spaces between the filaments had 
a greater tendency to be filled with hydration products, some of them quite 
dense, while with the pfa A, the microstructure of the paste around the fila- 
ments was much more open. Thus, with pfa A the microstructure of the paste 
around the glass filaments was modified while with pfa B it remained more 
similar to that of GRC with OPC matrix. Since the growth of hydration products 
in between filaments in the strand has been suggested to be one of the causes 
for embrittlement (5)(6), the modification in the microstructure in this zone 
which was induced by the presence of fly ash A in the blended cement may account 
for the superior behavior of the GRC prepared with this matrix. At present we 
do not have a satisfactory explanation to the observation that one fly ash could 
Cause such a Change and improve the durability while the effect of the other was 
very small, in spite of the fact that both of them were equally reactive with 
CH liberated in the cement hydration. It should not be ruled out that the dif- 
ferences in particle size distribution was associated with the difference in 
the performance of the two. The fly ash which consisted of finer particles 
(pfa A) performed better in the GRC composite. The much higher content of 
particles smaller than 3 um in pfa A (120% in pfa A and »6% in pfa B) may turn 
out to be crucial, since particles in this size range may better penetrate into 
the spaces between the filaments and may therefore be more effective in modify- 
ing the paste microstructure at the glass filament-cement matrix interface. The 
Spaces between the filaments in the strand are usually smaller than 3 um. 


The results discussed here indicate that the aging performance of GRC with 
different matrices can not be adequately predicted from the overall composition 
of the matrix, since it is probably the effect of the matrix on the micro- 
structure at the interface which is of prime importance. Therefore, the re- 
activity of the fly ash is not by itself a suitable parameter for predicting 
the durability of GRC prepared with blended cement matrix. Some other factors 
that at present are not resolved, but which probably affect the interface micro- 
structure and not the overall matrix composition should be taken into account. 


It is of interest to note that in spite of the fact that the different 
matrices had similar pH levels, their durability characteristics were consider- 
ably different. Since the extent of chemical degradation of the glass filaments 
is expected to be a function of the pH level, these trends suggest that at least 
during the first year of aging in water, the effect of chemical degradation is 
limited. At this stage, changes in the microstructure of the hydration pro- 
ducts in the spaces between the filaments play an important role in controlling 
the embrittlement of GRC. It is possible that the surface treatment given to 
the newer generation of AR glass (for example Cem-FIL-2 (4))affects not only 
the chemical durability of the glass but the nature of the hydration products 


which develop in its vicinity. 
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Conclusions 


1. The results of the present study indicate that matrices which are 
similar in the composition of their hydration products and have practically 
the same pH Jevels can yield GRC composites which show considerable dif- 
ference in their aging behavior. The matrices which resulted in improved 
durability were the ones in which growth of CH in between the filaments was 
largely prevented. It seems that for the first year of aging in water, the 
microstructural changes of the paste near the glass - cement interface are 
crucial in controlling the durability and that chemical degradation, which 
is pH controlled, is less important, at least at this stage of aging. 


2. The use of matrices of portland cement blended with fly ash can some- 
times result in improvement in the durability of GRC. This occurs when 

the modified matrix can influence the microstructure and extent of growth 
of hydration products in the spaces between the filaments. The fly ash 
that inhibited the growth of CH in these spaces was the one that improved 
the durability. 

3. The reactivity of the fly ash as estimated from the reduction in CH 
content in the blended cement matrix can not serve as an adequate criterion 
for its effectiveness in improving the durability of GRC. The reduction in 
CH content does not necessarily result in sufficient reduction of growth of 
CH in the spaces in between the filaments. 
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ABSTRACT 
A procedure for the quantitative determination of C.S, 8-C.S, and 
periclase in portland cement and clinker by x-ray diffraction is 
described. This procedure utilizes CeO, as the internal standard and 
is based on peak height ratios of analyte to internal standard. Data 

from the comparison of CeO, and Si as internal standards are also 

presented. 








Introduction 













The most common method for the quantitative x-ray diffraction analysis 
(QXRD) of portland cement and clinker involves the addition of a known amount 
of an internal standard of a controlled particle size. The purpose of this 
internal standard is to help correct for matrix effects between samples and 
time-dependent changes in x-ray intensity. It is therefore vital that there 
be no changes in the intensity of the x-rays diffracted from the standard due 
to effects related to its chemical and physical nature. Silicon is probably 
the most common internal standard in use today. 











In this paper, other possible compounds for use as internal standards 
will be evaluated in an attempt to find one having comparable chemical and 
physical properties to silicon, but more reproducible diffraction intensity. 
A QXRD procedure for analysis of C35, 8=CoS and periclase in portland cement 
and clinker using CeO, as the internal standard will also be described. 







Instrumentation 










A Philips APD 3600/02 automated x-ray powder diffractometer with the 

following features was used: 

Detector: Scintillation 

Tube: Copper, 1800 watts; operating 40KV, 35 mA 

Monochromator: Graphite crystal 

Goniometer: Philips, 6° take-off angle, stepping motor driven, 
automatic sample changer 

Slits: theta compensating divergent, 0.2° receiving 

Data collection, storage and display: Data General Nova 4 computer, 64K 

core memory; dual 5 megabyte firm disks; single 1/3 megabyte floppy; two 

Tektronix CRT terminals; Tektronix hard copy unit. 
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QUANTITATIVE ANALYSIS, CLINKER, XRD, CaO STANDARD 
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Internal Standard Selection 













Past experience has indicated that there may be significant variations 
in the peak heights measured for silicon in duplicate samples. These varia- 
tions caused errors of unacceptable magnitude in the analyses of cements and 
clinkers. The most probable cause is excessive particle size or variations in 
particle size (1). There may be preferred orientation due to the angular 
shape of the particles (to be shown by SEM later in this paper). There may 
also be problems associated with sample preparation using silicon (e.g., its 
hardness). 









Several important factors were considered in the selection of suitable 
internal standards to replace silicon. Materials were selected initially that 
had a high intensity peak in the region of 27°28 to 29°28 -- approximately the 
same location as the 100% peak of silicon. Rutile (Ti0,) was also considered, 
although it does not fall in this range. The candidates must have a pattern 
that has no peaks that overlap with the peaks to be measured in the cement 
phase. A compound with a cubic structure is preferred due to the simplicity 
of its pattern. The compound should be chemically unreactive, especially with 
respect to selective dissolution techniques. It should also be physically 
stable such that moderate heating and grinding do not change its structure. 
Its toxicity was also considered since it must be handled repeatedly by the 
operator. The compounds considered, some of their physical and chemical char- 
acteristics, and the reasons for their selection or rejection are shown in 
Table l. 












Three compounds were selected for further study: silicon (control), 
CaF, and CeO). The silicon used was Sargent Welch -200 mesh (SC14626). It was 
ground by hand and sieved to -400 mesh. An XRD pattern is shown in Figure l. 







The CaF, used was Baker reagent grade. The XRD pattern indicates that 
the particle size of the "as-received" CaF, was too small. It was increased 
by fusing the CaF, at 1500°C in a platinum crucible and cooling slowly to room 
temperature. The CaF, appeared to have a blue tint after fusing, possibly due 
to an impurity. It was then broken up and ground to -200 mesh. The XRD scan 
(Figure 1) shows CaF, of a suitable particle size; however, a trace of CaO and 
an unidentified compound was present. The CaO was removed by ethylene glycol, 
but the unidentified compound could not be removed (7). Repeating the proce- 
dure gave the same results. 








The CeO, used was Alpha Products 99.9% pure that was ground for five 
minutes in a Spex tungsten carbide ball mill with freon. After grinding, the 
CeO, was found to be suitable for use. The XRD scan (Figure 1) shows pure 
CeO, of good particle size. 









The silicon, CaF), and CeO, particle shapes were determined by SEM 
examination (Figure 2). The silicon and CaF, were very angular, possibly 
causing preferred orientation problems and although sieved there was also a 
large variation in particle size. The CeO, was slightly less angular and had 
a much smaller, more uniform particle size. The sample used was not sieved. 
The unground CeO, appeared to consist of spherical conglomerates of very small 
crystals. 










Since these compounds may be exposed to extraction solutions, their 
solubilities in these solutions must be determined. The solutions tested were 
salicylic acid in methanol (7,8), maleic acid in methanol (9), hot ethylene 
glycol (7), and potassium hydroxide and sugar in water (7). The CaF bs 
extraction solutions were analyzed by ion-selective electrode for F . No F 
could be detected in any of the filtrates showing that CaF, is sufficiently 
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ric. 1 
XRD scans of internal standards (as received). 


insoluble. The filtrates from the CeO, extractions were analyzed by ICP for 
cerium. The cerium concentration in the filtrates was <10 ppm, showing that 
CeO, also is sufficiently insoluble to be used as an internal standard. 
Silicon was not tested since it is already known to be resistant to these 


solutions (10). 


Silicon, CaF, and CeO were then compared by a suitable method to 


determine their actual performance as internal standards. The method used was 
based on the comparison of repeated scans of identically prepared samples to 
obtain information on the reproducibility of the peak intensities. The 
samples were prepared in the same way as those used for the calibration 
curves. 


A standard production clinker was selected to provide a matrix for the 
internal standard. The clinker was prepared for use by grinding in a Bleuhler 
mill for five minutes. No extractions were made since the clinker is to be 
used for comparison only. An XRD scan of the clinker showed the expected 


clinker minerals. 


The samples for comparison were prepared by weighing 1.0000 grams of 
the clinker into a Spex mixer mill along with a given amount of one of the 
internal standards prepared as previously described. The Spex mixer mill 
contained sixty 1/l16-inch ball bearings. The samples were mixed for ten 
minutes with freon. The freon was then evaporated and the sample was trans- 
ferred to a labeled vial for use later that day. Three pellets were pressed 
from each sample using a constant procedure. 
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The samples were scanned from 26°26 to 32°26 at several scanning speeds 
and each pellet was scanned three times. The peak intensities were measured 
by determining the peak heights and backgrounds using the APD 3600 graphics. 


The first CaF, samples indicated that its unsuitable for use in this 
procedure as an internal standard because of the great reduction in particle 
size during the ten-minute mixing step. This size reduction, which probably 
is due to the softness and clevage of CaF5, caused the CaF, peak to broaden to 
such an extent that its height could not be accurately measured due to overlap 
with cement mineral peaks. Therefore, CaF, was not considered further. 


To compare the reproducibility of the intensity measurements, the 
ratios of the C3S8/8-C4S peak at 29.4°20, the C3S peak at 30°28 and the £-C,S 
peak at 31°20 to the internal standard were calculated and graphed (Figure 3) 
and the standard deviations were calculated (Table 2). The graphs consist of 
the coded sample identification on the x-axis and the ratio measurement on the 
y-axis. Five sample mixtures were prepared, three pellets were pressed from 
each mixture and each pellet was scanned three times. Perfect intensity re- 
production will produce a straight line parallel to the x-axis. 

Comparison of internal standard results indicated that CeO, should make 
a better internal standard in this procedure than silicon because it appeared 
to have much better reproducibility. For the worst case, 6-C)S at 31°26, the 
reproducibility of CeO. was twice as good as that of silicon. As a result of 
this comparison, CeO». was used as the internal standard in the following QXRD 
procedure. 


TABLE 2 
Means and Standard Deviations of Internal Standard Comparison Ratios 


Ce0, 28 angle 


Peak Ratio 29.4° a 
Mean 0.591 0.192 
Standard Deviation 0.021 0.009 

20 angle 
Peak Ratio 29.4° 30° 


Mean 1.623 0.334 


Standard Deviation 0.179 0.056 0.009 





Preparation of calibration curves 





Calibration curves were prepared using synthetic cement minerals and 
commercially available compounds. C3S and 8B-C4S were synthesized with lattice 
impurities in an attempt to match those occuring in actual clinker. C3A and 
C,AF were “pure” compounds and were used only in matrix preparation. 

Periclase was synthesized from Fisher reagent grade MgO. 


C,S was prepared by mixing enough excess CaO as CaCO, with an average 
production ciinker to convert all 8-CoS to C4S. The approximate amount of 
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Intensity reproducibility comparisons 
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CaCO, was calculated from the Bogue value obtained by XRF analysis. The mix- 
ture was ignited at 1500°C for 90 minutes in a platinum crucible and was 
ground after cooling. The ignition and grinding steps were done twice to 
ensure a complete reaction. The interstitial minerals were removed by potas- 
sium hydroxide-sugar extraction and the excess CaO was removed by a hot ethy- 
lene glycol extraction. The residue was then ground for 5 minutes in a Spex 
tungsten carbide mill with freon to prepare it for calibration use. XRD 
analysis showed only CS CEL 


“-C,S was prepared from the following reagent-grade chemicals: CaCO 
(calcite) and SiO, (quartz) with sodium tartrate, potassium hydrogen phtha- 
late, MgO, and Fe503 to stabilize the lattice. These compounds were mixed 
together in a Bleuhler mill and ignited at 1500°C for 90 minutes in a platinum 
crucible. The sample was then quenched in air and ground. The above heating, 
grinding and quenching sequence was repeated to ensure complete reaction. The 
sample was then extracted with KOH-sugar to remove any interstitial minerals 
formed. The sample was ground for 5 minutes in a Spex tungsten carbide mill 
to prepare it for calibration use. XRD analysis shows pure 8B-C5S Cl). 


Several unsuccessful B=C5S synthesis attempts were made in which the 
5=CoS converted to y-CoS on cooling. Also, during the KOH-sugar extraction a 
trace of black magnetic particles was noted; most were removed magnetically. 
These particles probably were Fe30,, formed during heating from Fe 03. No 
Fe30, was detected by XRD so it was believed that the amount remaining was so 
minor that it would not interfere with the calibration. 


A 50% C3A/50% C,AF matrix was prepared using the pure commercial 
compounds. Equal amounts of each were mixed in a Spex mixer mill with freon 
for 10 minutes. 


Periclase was prepared from Fisher reagent-grade MgO. Five grams were 
ignited in a platinum crucible at 1500°C for 90 minutes, cooled and then 
ground in a Spex tungsten carbide mill for 5 minutes. XRD shows pure peri- 
clase suitable for calibration use. 


Calibration curve preparation for C38 and 8-CoS: 


The calibration curves for C,S and 8-C.,4S were prepared using the 
synthetic minerals previously described. Each calibration mixture contains 
the appropriate amount of C35, 8-CoS, matrix, and CeO». The C38 percentage 
ranged from 10% to 80% and the CoS from 0% to 70%. 


The components of each mixture were weighed on an analytical balance 
and placed directly into the Spex mixing chambers. The mixtures were then 
ground for 10 minutes with freon, evaporated and transferred to a labeled 
vial. The calibration samples were run on the same day as prepared. 


The computer was programmed to run a fast scan on each pellet from 5° 
to 70°28 to detect contamination or other problems. Calibration data was 
collected from 26° to 32°20 with a step size of 0.04°26 and a count time of 5 
seconds. Three pellets were run from each calibration mixture and each pellet 
was scanned three times. All data were stored on a computer disk for peak 
measurement at a convenient time. 


The peaks measured for the calibration curves were 30°20 for C3S, 31°20 
for ©-C5S and 28.5°20 for Ce05- Peak heights and backgrounds were determined 
using the APD 3600 graphics and C35:Ce0, and 8-C5S:Ce0, ratios were calcu- 
lated. The ratios for the nine data points for each calibration mixture were 
averaged and graphed to produce a calibration curve. A least squares program 
was used to determine the linear equation for the graphs. The calibration 
curves are shown in Figure 4. 
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Calibration curve for periclase: 


The calibration curve for periclase was prepared using the synthetic 
periclase, matrix, and CeO, previously described. The calibration mixtures 
were made to approximate the salicylic acid residues of cements and clinkers 
and ranged from 0% to 5% periclase. 


The calibration mixtures were prepared in essentially the same way as 
for C35 and B-C5S so the procedure will not be described in detail. The 
components were weighed and mixed in the Spex mixer mill and the pellets were 
prepared as before. Three pellets were prepared and each was scanned three 
times from 19° to 29°20 for the CeO, peak and from 40° to 44°26 for the MgO 
peak at the same scanning speed used for C,S and 8-C,S. Scanning from 19° to 
29°20 will allow gypsum at 20.8°28 and anhydrite at 24.5°28 to be determined 
from the same scan in the future. 

The data were collected and stored for later use. The periclase to 
CeO, ratios were calculated, averaged, and graphed. The linear equation was 
calculated using a least squares program. The calibration curve is shown in 
Figure 5. 


Cement and clinker analyses 





C3S and B-CoS analysis: 


Five grams of the cement or clinker to be analyzed were preground in a 
Spex tungsten carbide mill for 5 minutes with freon. 1.0000 grams of sample 
and 0.0600 grams of CeO, were then weighed and placed directly in the Spex 
mixer mill and mixed for 10 minutes with freon. 
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Periclase calibration curve 


Three pellets were pressed from each sample and each pellet was scanned 
three times using the conditions described for the calibration curve. The 
peak heights were measured, the ratios were calculated, and the average was 


used to determine the percentage of C3S and ©-CyS by direct reading from the 
graph or calculation using the calibration equation. 


Periclase analysis: 


2.0000 grams of the 5.0 grams preground sample were weighed and placed 
into the Spex mixer mill along with 0.0600 grams CeO). The sample was then 
ground with freon for 10 minutes and extracted with salicylic acid to remove 
calcium silicates (7,8). The residue was removed by vacuum filtration and 
dried in a dessicator. 


The pellets were prepared in the same way and run under the same 
conditions as used in the periclase calibration curve. A fast scan from 5° to 
70°28 was also run to qualitatively determine other phases present. The 
average periclase to CeO, ratio is then used to determine the percent 
periclase in the unextracted sample. 
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Analysis of six cement samples: 






Six previously analyzed cements, Incas samples El through E6, were re- 
analyzed in an attempt to evaluate the accuracy and usefulness of the 
described procedure. These samples have been studied extensively by Aldridge 
and have been quantitatively analyzed by several laboratories by XRD. Our and 
Aldridge's results are listed in Table 3 (12). 


TABLE 3 









Results of QXRD analysis of Incas samples 






Results Experimental (a) Aldridge (b) (12) Bogue Values (13) 













Sample £C 3S ZC 4S £C3S £CoS £C 3S ZC 5S 
El 74.6 (5.2) 8.5 (1.7) 69 (5) 15 (4) 66.5 12.4 
E2 69.1 (3.9) 3.8 (1.8) 72 (8) 12 (5) 73.0 8.7 
E3 59.4 (3.0) 10.1 (1.3) 62 (7) 19 (5) 59.3 hed 
E4 44.2 (1.1) 26.1 (2.3) 49 (5) a1: C32 43.9 33.6 
E5 55.5 (2.0) 8.6 (1.4) 59 (10) 21 (8) 58.3 15.2 
E6 60.0 (4.8) 22.3 (2.0) 61 (6) 26 (6) 54.3 27.0 






(a) Standard deviations of results for nine pieces of data from 
three pellets three scans per pellet. 









(b) Standard deviations from the laboratories that submitted 
analysis results to Aldridge are shown in brackets. 









Results and Conclusions 









The C38 analysis results fell within one standard deviation of 
Aldridge's with the exception of El which was slightly more. The 3=C5S 
analysis results fell significantly lower than Aldridge's values. The reason 
for the low B=C,S results is unknown. It may be related to the minerology or 
particle size of the Incas samples, the synthetic 3=CoS used in the calibra- 
tion, or to interstitial overlap of the measured peaks. 








Although the procedure produced adequate and relatively rapid results 
for the comparison of cements and clinkers, there is some doubt as to their 
absolute accuracy. The improvements needed include recalibration using 
integrated peak areas, better data collection and reduction procedures, the 
use of a rotating sample holder, as well as calibrations for CSH,, CSH) /2> es, 
C,AF, and C3A. The further automation of data collection and reduction will 
increase the speed of the analysis by reducing the time-consuming manual 
manipulation of data. Also, using a KOH-sugar extraction for the removal of 
interstitial minerals which may overlap C38 and B-C4S peaks should improve the 
results significantly be decreasing overlap related errors. This extraction 
will lengthen the procedure somewhat, however, the improvement in the results 
should justify the additional time. 











This work shows that CeO, is an acceptable internal standard for cement 
and clinker analysis. It has some advantages over silicon, such as less of a 
tendency for preferred orientation and better intensity reproducibility as 
measured by peak height. It is also physically and chemically stable under 
these analytical conditions. 








The results reported in this paper are only preliminary. More work is 
planned to improve this technique. However, even with the present data the 
advantages of CeO, over Si have been established. 
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ABSTRACT 
Using silicic acid, fused quartz, Ca0, NaOH, a-CS, NS, 
NC2S3, NoCS3 (2) as Starting materials, reaction products 
are pectolite, 8-NS,, xonotlite, foshagite, NC2SoH, CH, 
Ce6S2H3, quartz and NS. Pectolite is the predominent 
phase; its formation requires a minimum amount of water 
as solvent. Pectolite and NC2S2H are the only two 
quaternary products in the system. The reactivity of 
the starting materials, conditions of formation and the 
importance of the aqueous phase, including the way it is 
added, are discussed. 


Introduction 


The system Na,0-Ca0-Si0.-H20 at 25°C was first studied by Kalousek (1). 
Pectolite (NC,S.H), the predominent phase in the system, hadbeen synthesised 
earlier by Clark and Bunn (2), by treating a mixture of lime, precipitated 
silica and sodium hydroxide at 100°C for 3.5 days. A further quaternary 
phase, CaNaHSi0, (NC2SoH) was first produced by Thilo, Funk and Wichmann (3), 
who autoclaved NCS at 100°C. Recent interest in the system has centred on 








1) Permanent address: Research Institute of Building Materials, 
Guanzhung, East Suburb, Beijing, The 
People's Republic of China. 


2) The following abbreviations are used in this paper: 


P = pectolite (NC,S6H), F = foshagite (C,S3H), T = truscottite 
(C7Si2H3), Q = Quartz, sa = silicic acid, fq = fused quartz, 
w/s = water:solid ratio. 
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the effect of NaOH on hydrothermal reactions in the system Ca0-Si02-H20 at 
100°C (4) and at 300 -650°C (5), and on the development of geothermal well 


cements and deep oil-well cements (6,7,8). 


The aim of the present work was to find whether any new phases could be 
prepared in this system at 300°C. A thorough survey (110 runs) detected no 
new phases under the conditions used, but the data obtained do further 
characterise the phase relations in the system at elevated temperatures, and 
reveal that the phase NC2S2H can be prepared from a wider range of 
compositions than was formerly believed. 


Experimental 


AnalaR grade materials were used except as noted. CaO was made by 
burning CaCO3 at 1050°C for 6 hours. Soda was introduced as sodium 
hydroxide pellets. Fused quartz (Spectrasil) had 0.02% total impurity, 
fineness 100 mesh. Silicic acid (Mallinkrodt Inc.) contained 85.4% Si0., 
0.015% max. Al. 


NS, NC2S3, NoCS3 and a-CS were prepared by heating stoichiometric 
mixtures of Na2C03;, CaCO; and fused quartz; all were decarbonated at 
850°C and the reaction completed at 1350, 1200, 1060-1160 and 700-850°C 
respectively. Each product was reheated and reground three times or more 
until the X-ray powder pattern showed only the pure crystalline phase with 
no free Ca0. 


Hydrothermal preparations were carried out in standard Morey bombs of 
15 mg capacity with silver tube inserts of 6 m& capacity. For each run 
about 0.1-0.4g of solid starting materials were weighed directly into the 
silver inserts and 0.1-8.0 m2 of water added. The bombs were held at 
390 + 10°C for 1-10 days and the reaction products were examined using a 
Hagg Guinier camera with CuK 1 radiation. 

Throughout the work, special care was taken to avoid contamination by 
atmospheric carbon dioxide; the water added to the bombs was always free 
of C02. 





RESULTS AND DISCUSSION 





Hydrothermal Products 


Representative runs are listed in Table 1, 2, and 3 and plotted on 
Fig. 1. This figure is not an equilibrium diagram, but attempts to show 
the products of runs of different starting compositions, indicated by open 
circles. Solid lines connect these starting compositions to the products 
detected at the end of the run. This method of plotting shows very clearly 
that very few runs gave a single-phase product, and also that the products 
were almost always poorer in soda than the starting composition, indicating 
that another phase, a sodium-rich solution, was almost invariably present. 
Figure 2 shows very rough fields for the formation of different products, 
based on the data in Fig. 1 and the tables. 


Crystalline products detected included pectolite, 8-NS.2, xonotlite, 
foshagite, CeS2H3, NC2S2H, CH, quartz and NS, all of which have previously 
been found in the system; these are indicated by full circles in Fig. 1. 
The most commonly encountered phase was pectolite; this and NC2S2H were 
the only quarternary phases detected. No new phase containing both Na and 
Ca was found; tobermorite did not appear: 8-NS» was present near the 
Siliceous corner. 
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Table 1] 
Hydrothermal products with 2 m2 water in bombs at 300°C for 2-4 days 
No. Starting Materials Mole percentage Products Detected 
0.1-0.4 g N ‘ S 
] +t + 9 can Mee S58 X + Q 
2 NoCS3 + fg a2. 8.2. aS Q + B-NS, + P 
3 a + € $.5 83:5 8.5 CH 
4 NCoS3 + $a 9.9 19.8 70.3 P+ 
5 n> + + ga 'e-8: -A%a0 Ge GO ? 
6 me + & tac). Foam wat CH + CeSoH3 + F 
7 NC2S3 + Sa 13.3 26:6 GQ:2 P+ @ 
8 NC2S3 + sa 14.9 29.7 55.4 P 
9 me + € 7 66:5.18.7 CeS2H3 + CH + F 
10 NC2S3 + Sa et Sei 0 P 
1] NS +C+ sa 18.0. 39:7 Ge.3 P + g-NS> 
12 NoCS3 + Sa 9.8.6.9 7.3 Q+P+ B-NS, 
13 NoCS3 + fg eae 2S 62:5 P + B-NS, +Q 
14 Ss + ¢ 30.0 40.0 30.0 CH + P + NC2SoH 
ee im + € + sa wa 64,3 65.3 P + B-NS> 
16 %S + C+ &a ee 2:4 66.9 B-NS. +Q + p 
17 NoCS3 + sa a0 16.0 524 P 
18 m + C+ sa aot Soe }6T26 CH + NC2SoH 
19 NS + C 36.7 26.6 36.7 P 
20 NS + C Oe es RE ee Se P 
21 NaOH +C + Sa Ce.0. 20:0 D801 P + NC2S2H 
22 NaOH +C + sa 44.0 39.0 17.0 CH + NC2SoH 
23 NaOH +C + sa 60.7 19.6 19.6 P 
24 NaOH +C + sa 0: tae fe NS 
25 NaOH +C + sa 78.6 10.0 11.4 Solution 















Table 2 


No. Starting Materials Mole percentage Water time Temp Products 
N c S (mz) (h) (°C) detected 






26 NS + C + sa 24.0 26.0 50.0 2 SS P +B6-NS> 
27 N2CS3 + a-CS 6.7 33:3 50.0 ] 48 300 P +a-CS 
28 N2CS3 + a-CS 6:7 B38. 56:8 - 48 300 P +a-C$S 
29 a-C$ o Tea 30.0 2 6d 400 a-CS 

30 NaOH +a-CS 2.0. 36.2 52.9 2 10d 300 P +a-CS 
31 NaOH +C +sa 17 33.3 50.0 2 46 300 P 

32 NaOH +C + fq 7 33.3 50.6 2 46 300 P+CH+Q 
33 NaOH +C + fq 7° 33.3 300 8 46 300 P 

34 NC2S3+ sa 9.9 19.6 70.3 2 49 300 P+Q 

35 N2CS3+ sa 6.5 13.3 60.2 2 48 300 P + B-NS2 
36 N2CS3 +Sa ee.e 13.0 $5.13 2 48 300 P+ 8-NS2 
ot NoCS3 + sa eis 13.2 GO.2 2 7d 200 P+ B-NSo 
38 NoCS3 + sa 29.59 18.0 55.1 2 7d 200 P + B-NS>2 






Abbreviation : 
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Runs, © and their products @ 
F = foshagite, C2S2H3 
i= xonotlite , CeSeH 
P= pectolite, NC,S6H 


dy 6S9H3 Q= quartz 





Mole percent 
FIG. 1 


Hydrothermal products in the system Na20-Ca0-Si0.-H20 at 300°C 
Runs were for 2-4 days, 2 m& water added, with silicic acid, 
NS, NC2S3 or NoCS3 as source of silica. Composition of runs 
is shown by open circles; they are connected by solid lines to 
the products formed, which are shown as full circles. 


Incomplete lines indicate that the product did not form from 
the run in question. For example, composition 1 gave CH, X 
and P, connected to it by complete lines, but not F or C.S2H3 
as shown by the gaps in the lines. Similarly, composition 2 
gives P, X and CH, but not F. These two compositions, and 
those labelled a, b, and c, correspond to the compositions in 
Table 4. The run marked d gave no crystalline product, being 
mainly soluble. 


NC2S2H occurred in afew runs with excess water (w/s about 10), which 
is surprising, since previous syntheses (3,4) used very little water. This 
condition does not however seem to be necessary. Xonotlite was formed in 
runs containing about 10 mole or less Na20. 


Reactivity of Starting Materials 


Table 2 and 3 enable the reactivity of different starting materials to 
be compared. NS, silicic acid, NC2S3, and NoCS3 all react rapidly. 
Comparing sample 31 with 32 (Table 2), shows that fused quartz is less 
reactive than silicic acid, because of its coarseness and high density, and 
because the silicic acid has a high content of silanol groups. a-CS reacts 
very slowly with water, remaining unchanged after 6 days at 400°C (run 29, 
Table 2), although it partly reacted with NaOH in 10 days at 300°C (run 30, 
Table 2) to form pectolite. Using the more reactive starting materials, 
pectolite forms at 300°C in a matter of hours (run 26): at 200°C (runs 37, 
38) pectolite forms after 7 days. It can therefore appear over a range of 


temperatures (4,8). 
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Table 3 Function of Water 


Effect of varying quantities of water added The water added to a 
to bombs at 300°C run fulfils three 
(Starting materials 0.1 - 0.4g) functions: 
N:C:S Starting Water time Products 
Materials (m2) detected 


NC2S3 NC2S3 

NC2S3 P+NC.S3 
NC2S3 
NC2S3 
NC2S3 
NC2S3 
NC2S3 
NC2S3 
NC2S3 
NC.S3 
NC,S; 
NCS, 
NCS, 
NCS, 
NCS, 
N.CS, 
N.CS3 
N.CS3 
N2CS3 
NaOH+C+sa 0. 
NaOH+Ct+sa 0. 





(i) generation of pressure, 


(ii) provision of 
structural water, 


(i117) solvent action. 


With regard to (i), 
calculation using 
Van der Waals' equation* 
indicates that about 
0.6 m2 H20 should be 
sufficient to produce 
saturated steam in a bomb 
of 15 m2 capacity; the 
exact pressure generated 
is somewhat indeterminate, 
because the composition 
of the soda-rich solution 
is not known. 


For the provision of 
structural water, (ii), 
47.5 NCoS3+NS+P very little is needed; 
47.5 P+NS+8-NS, about 1 u2 provides 
enough to form pectolite 
(1) Water was added into the bomb outside from 0.1 - 0.4g start- 
the silver tube. Water was added into ing materials. 
silver tubes in all the other runs. The solvent action. 
(iii), is plainly import- 
ant; it has already been remarked that Fig. 1 shows that the crystalline 
phases produced are almost always poorer in soda than the starting 
materials. Further evidence about this is provided by comparison of the 
products formed when water is added in physically distinct parts of the 
system, as discussed below. 


Table 3 shows the effect of varying the amount of water added. Runs 
39 - 48 show what happens to NC2S; as the amount of water added into the 
silver tube is varied. When 0.1 m2 is added, there is no reaction; 
presumably all the water departs into the vapour phase before reaction has 
a chance to proceed; 0.2 m& produces some pectolite - perhaps in the 
presence of liquid water while the temperature is rising, which takes about 
2 hours from room temperature to 300°C - but much unchanged starting material 
remains; for 0.5 m2 or more (roughly corresponding to the 0.6 m2 calculated 
to be needed to give saturated steam) identical products form, independently 
of the actual quantity added, provided that it is added into the silver tube 
insert. 


OFPMYHDODOVDONAWAANMNM——DWDeOC0O0O 
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Surprisingly, it does seem to matter where the water is added; in run 
49, 2.0 m2 water were added to the bomb outside the tube, whose contents were 
left dry. Under these conditions, no pectolite formed even after nearly 


a 


*Van der Waals' equation: (P + ye) (V “¥.J RT, a, = 5.46, bo = 3.05 x 10°* 
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Fig. Zz 


Possible formation fields for products in the system 

Na20-Ca0-Si02-H20 at 300°C. The areas are based on 

Fig. 1, and are the minimum needed to account for the 
results therein; the true areas could be larger. 


three days. One would have intuitively expected that in the course of that 
time, the water would have redistributed itself around the physical space 
available to it; indeed, the presence of soluble material in the charge 
within the silver tube should (through lowering of the vapour pressure) 
encourage the condensation of liquid water within the tube. This does not 
however, appear to happen, and the observation helps to explain discrepancies 
between different studies, as discussed in the next section. 


With more soda-rich starting materials (runs 50 - 59), variation of 
products with water content was again observed. As before, with very small 
quantities there is no reaction; with slightly larger quantities, a sodium 
Silicate phase is found; with still largerquantities, the latter disappears 
because of its relatively high solubility. 


Formation of Pectolite 


De Vynck (5), using quite similar conditions of temperature and pressure 
to the present work (Table 4), did not observe the formation of pectolite. 
He used an autoclave vessel kept under saturated steam pressure at 300°C; 
we used Morey bombs at 300°C: the pressure in them would have been slightly 
lower than that calculated for pure water because of the dissolved sodium 
silicates (about 0.1 N) but probably not significantly so. The principal 
difference between the two sets of experiments is in the physical location 
of the water at the start of the runs. 


De Vynck's reaction mixture was thickpaste and the pressure was 
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Table 4 


Comparison of some runs in present study with those 
by De Vynck (5) at 300°C. 








mole ratio present study!) De Vynck2) 
N ES (w/s ‘~ 10) (thick paste) 
om +s . we tite +0@)” Teo 
os. 1: pees (b) Pet 
0.5 te 4 Ce6S2H3 FOC or (c) we NC2SoH 
Gs Zz ] P + CH + X (1) F 
0.5 4 P + CH + X (2) CH + F + NCoSoH 





1) In Morey bombs, 0.2 -0.3 g starting material was used. 
NS, CaO, silicic acid were starting materials. 


2) 50 cc thick paste, made of NaOH, CH, pure silica gel 
and little water, was placed in a pure iron crucible with 
a pure iron lid. Crucibles were kept in a 50 cc autoclave 
with saturated steam pressure (87 kg/cm?) at 300°C. 


3) Letters (a) (b) (c) and (1) and (2) refer to points 
on Figure 1. 


generated by water outside the iron crucible that contained it. In his runs, 
therefore, less water was in direct contact with the reactants than in the 
present study, when water was added directly to the reactants in the silver 
tube. (As already pointed out, the products are different if the reactants 
are left dry, and the water addded to the bomb outside; if the water is not 
in direct contact with the starting material but serves only to generate 
pressure, there is no reaction.) It seems that in order for pectolite to 
form,sufficient water must be in direct contact with the starting materials, 
and this in turns seems to indicate that the reaction must go through 
solution. This explains the differences between our results and De Vynck's; 
obviously care is needed in comparing the results of different workers if 

the details of the experimental techniques are not fully known. 


This is most interesting, since it implies that physical equilibrium 
(let alone chemical equilibrium) is not always reached in closed systems. 
Since the partial vapour pressure of the solvent in a solution is lower 
than that in a pure solvent, water added outside the reaction vessel ought, 
in theory, to distil into it; in practice, this apparently does not happen, 
at least not in the course of the first few days. It seems likely that 
other seeming inconsistencies in the literature could be attributable to 
this. 


Pectolite, usually accompanied by xonotlite, truscottite, foshagite, 
tobermorite or sodium silicates, is the most frequently encountered phase 
in the system. It shows high strength and impressive resistance to 
corrosion by geothermal brines, and its possible use as a binder in the 
geothermal environment has been investigated (6,7). Pectolite, forming 
as it does at relatively low temperature ( >180°C) could be a desirable 
component of ordinary hydrothermal products that, while being basically 
calcium silicates, utilise raw materials that contain relatively high 
amounts of sodium. 
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Summary 
1) Using Morey bombs at 300°C, the hydrothermal products starting from a 
variety of starting materials at w/s‘~10 are pectolite, 8-NS2, xonotlite, 
foshagite, NC2SoH, CH, C.S2H3, quartz and NS. No new quaternary phases 
were detected. NC2S.H can appear not only under restricted water 
conditions, but also in the presence of excess water. 


2) Pectolite readily forms from most compositions in the system, provided 
onhidiggg water is present. It appears to form by reaction through 
solution. 


3) As starting materials, NS, NC2S3, N2CS3 and silicic acid are very 
reactive, fused quartz less so and a-CS is quite inert. 


4) The physical region in which the water is added to the system is 
important. Water added outside the reactant container serves to produce 
vapour pressure, but in some cases at least, may not be available as a 
component in the reaction. Physical equilibrium may not be reached in the 
course of a few days. 
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ABSTRACT 

The European organizations CEB and RILEM arranged a workshop on 
the durability on concrete in May 1983 at the Technical Univer- 
sity in Lyngby, Denmark. The background was increasing public 
concern the last few years about soaring costs for rehabilita- 
tion of deteriorating concrete used in housing, roads, bridges, 
and other applications that closely affect all levels of society. 
Presented at the workshop, the present paper is an attempt to 


view the problem beyond an assessment of the technical issues, 
and to propose solutions. Based on experience from research 
since 1953 and from numerous investigations of the deterioration 
of modern concrete and the durability of older concrete, the 
writer points out essential requirements for updating concrete 
technology, and emphasizes the need to apply and incorporate 
adequate chemical knowledge in concrete technology education. 


Introduction 





The cement industry has learned through intensive research to apply inor- 
ganic chemistry for effective monitoring of the cement manufacturing pro- 
cesses. However, concrete structural design and construction are still 
largely carried out without application of chemical knowledge for monitor- 
ing concrete's remarkable sensitivity to workability, curing, and exposure 
to harmful elements in the environment. 


The most essential feature in present day concrete technology is that the 
technical and industrial development during the last 30-40 years has made 
concrete a chemically reactive system throughout its phases: 1) as fresh 
concrete, 2) during curing, and 3) during performance. This is due to 
the integral effects of many kinds related to factors such as: 


Chemical admixtures 

Mineral substitution materials 
Strength capability of cement 
Rates of concrete production 
Demands on structural capability 
Aggressive environments. 
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Altogether these developments have greatly improved the ability of con- 
crete to serve general social development as a foundation for housing, 
industrial production, and infrastructure functions. This can with justi- 
fication be considered a great civil engineering feat. 


However, the general "public voice” is now speaking with increasing 
concern, frequently raising to anger, against the deplorable ways in 
which concrete is malfunctioning. This is because a high degree of 
performance capability of concrete in service now shows an unexpected 
price tag of defective performance reliability. Corrosion of reinforce- 
ment and alkali-silica reactions have been pinpointed as the major dele- 
terious mechanisms. One of the contributions to the discussions of the 
CEB-RILEM workshop emphasized that engineering, in contrast to research, 
needs to be a decision-making business. Unfortunately then the workshop 
must be considered a consequence of an increasing impact of wrong engi- 
neering decisions, which have made concrete durability the most contro- 
versial issue of civil engineering at the present time. 


Under these circumstances, it is somewhat peculiar that the workshop 
seemed to demonstrate practically complete agreement between delegates 
regarding the various issues under discussion. This could imply either 
that the delegates constituted the supreme elite of the situation, ready 
to formulate and implement the solutions to the problems, or that the 
discussions were not based on actual practice. 


The Role of Research 





The research community ought to be aware that the impact of the dissatis- 
faction with concrete falls upon the civil engineering community, while 
the research people are sheltered by the “modelwalls" between themselves 
and engineering practice. Therefore, research is still, in principle, 
supporting technology conceptions that largely treat field concrete as a 
“static” material - in the fresh state characterized by the slump test, 
in the hardened state by its compressive strength at room temperature 


curing. 


Meanwhile, the inorganic chemists have at their disposal advanced knowl- 
edge on reaction kinetics and thermodynamics to explain the energy and 
mass transfer in concrete during its modern manufacture. This data 
cannot, with modern cements and rates of production, be boiled down to 
simple fragmentary, regulatory acceptance figures for the civil engineer- 
ing design and site control, as in the past days of craft-predominated 
concrete making. 


Fresh concrete with the compositions and fineness of modern cements, 
including slag, fly ash, or silica fume and with one or another of the 
many available chemical admixtures, is a reacting colloid system from 
the very moment of mixing, and the workability of concrete is time/tem- 
perature dependent during its processing. 


Curing of modern concrete is on the one hand a heat preservation process 
meant to take advantage of rapid strength development. On the other 
hand, if not monitored, it is a source of lasting flaws, high porosity 
and microcracking in the hardening concrete, and can soon damage long- 
term resistance of the hardened concrete. By application of Arrhenius' 
and Fourier's laws, curing is however a process that now can be perfect- 
ly well designed and monitored on-line during concrete production. 








CONCRETE, DURABILITY, CHEMISTRY, EFFECTS, TECHNOLOGY 







Despite the general reliance on conventional technology concepts, har- 
dened concrete is increasingly exposed to deleterious physico-chemical 
processes, which are only nominally treated by research. Most frequent- 
ly, this area of chemistry is taught and applied as if adequately modell- 
ed by room-temperature stoichiometric equations. However, the real 
chemical processes in concrete are to a large extent colloidal, never 
reach equilibrium stages, and are utterly dependent upon humidity, temper- 
ature, and on the availability of reactants. Investigations of concrete 
deterioration therefore usually lead to findings different from the 
generally accepted laboratory models. 












The Importance of Concrete Chemistry 









The neglect of concrete chemistry is remarkable considering the spectacu- 
lar development of instrumentation and methodology for micro and submicro 
studies of the morphology and structure of concrete; for instance, using 
optical petrography, X-ray diffractometry, DTA-DTG, and electron micro- 
scopy. These new developments have occurred during the same era in 

which concrete deterioration has grown to a problem on the societal 

level of importance. 









Yet, very few countries have more than a handful of skilled petrographers, 
and much research still explains hydration of cement on the basis of room 
temperature experiments far removed from the conditions to which contem- 
porary concrete hardening is exposed. 









Likewise, despite the routine application in modern concrete production 
of chemical and mineral admixtures and energy-intensive concrete process-— 
ing technology, the majority of research still relies on the obsolete 
static slump test, and has not produced adequate up-to-date rheology- 
monitoring instrumentation. Colloid chemistry plays only an obscure 

role in concrete research at the present time, and therefore does not 
attract funding sponsorships for long-term work. 
















During the workshop, several speakers have stressed the importance of 
concrete permeability - referring to a dependence on w/c, quoted from 
experimental work by T.C. Powers back in 1949. That has but little 
application as a generalization to concrete in 1983. Also, the influence 
of C3A in cement has been touched upon in general terms, without regard 
for the simultaneous influence on the durability of varying C,AF and C3S 
contents. 









Furthermore, curing has been discussed without clear identification of 
the deleterious impact of flaws and increase of porosity/permeability, 
which are characteristic consequences of overheating of modern concrete 
during the early phase of hardening. 










Proposed Solutions 











A Fundamental Educational Approach 








Having been faced for a number of years with neglect of concrete chemistry 
in contemporary engineering technology, the writer identifies education 

as the most fundamental issue for the improvement of concrete durability. 
Universities must provide updated courses on concrete chemistry to stu- 







dents of concrete technology. This is not a request impossible to comply 
with since most universities and technology education centers possess 
elaborate, empirical, civil engineering-based technology courses. How- 
ever, the presently increasing deterioration of concrete shows that the 
content of these courses does not suffice for modern practice. 


At the same time, most of the same educational institutions do possess 
chemical departments with the needed knowledge available. It is there- 
fore feasible to establish integrated physico-chemical courses in most 
countries, and these ought to be initiated with the help of outstanding 
member of the research community. 


A Realistic Approach 





Because of the controversial nature of the problem, it may be useful to 
adopt a realistic approach that might improve the concrete durability 
situation in the broad, international theatre. 


First, one must realize that there is not much which can be done with 
noticeable effects within a short time period. The revenues in consult- 
ing and contracting engineering have plunged now for a number of years, 
and competition has taken heavy tolls in profitability and generally 
drawn attention to priorities other than alteration of the concrete 
technology. Simultaneously, the funding of research, public and private, 
has shrunk, and much research has itself become contaminated by commer- 
cial necessity. This has caused sudden media and political attention to 
“bad" concrete to gain an exaggerated governing influence on the research 


planning and policies, beyond more valuable analyses of durability prob- 
lems. 


Those presently engaged - within CEB-RILEM and elsewhere - in action 
planning to solve the problems must therefore rely upon undivided dedica- 
tion if significant progress is to be made in the state of the art. 


A Concept for Action-Planning 





The best advice to CEB-RILEM is that these organizations strengthen 
cooperative efforts, with: 


O An analysis of research and education needs in basic scientific 
and application-orientated education. Implementation of the 
necessary chemically-based research requires that knowledge of 
chemistry be incorporated in the study of concrete technology 
engineering. 


Adequate attention paid to both concrete processing and concrete 
behavior. The processing of fresh concrete ought to be empha- 
sized as a neglected area because conventional concrete-making 
historically has developed as a craft, which is no longer valid, 
neither in the industrialized countries nor in developing re- 
gions. 


Any CEB-RILEM or other organizational approach should consider both short- 
term and long-term activities. At present, under the pressure of appar- 
ently insurmountable short-term problems and limited resources, attention 
becomes exclusively directed toward immediate needs and conventional 
views. This situation easily enhanses reinforcement of obsolete concep- 
tions and neglects the importance of concrete chemistry. 





CONCRETE, DURABILITY, CHEMISTRY, EFFECTS, TECHNOLOGY 


The major short-term need is to apply adequate chemical knowledge in 
concrete manufacture. The long-term strategy is to develop a reliable 
basis for education of new concrete technology engineers wix can learn to 
regain the broad public confidence that is required to make concrete 
serve its indispensable social functions. 


As an immediate action, CEB-RILEM ought to arrange for disseminating 
information to university and engineering schools about desirable themes 
for integrated concrete chemistry-engineering technology courses both for 
undergraduate and graduate students. Presumably, an undertaking in that 
direction would stimulate present CEB-RILEM involvement in the issue of 
concrete durability. To promote innovations in practice and progress of 
science and research. 


Concluding Remarks 





It is striking that the CEB-RILEM cooperative work is exclusively civil- 
engineering orientated. Most chemistry applied so far has been presented 
and used in simplified models feasible for adaption in concrete specifica- 
tions and convenient testing procedures. Consequently, scientists with 

a basis in chemistry have either adopted exaggerated popularisation in 
their communications or confined themselves to communicate with other 
chemists rather than with civil engineers. 


This hegemony of civil engineering in concrete technology was advantage- 
ous in the classic engineering era up to about 1950-1960, when concrete 

durability was still assumed, and when civil engineers had basic courses 
in chemistry. 


Today, things are different. The chemistry in concrete manufacture and 
use is becoming an increasingly expensive barrier against urgent progress 
of the civil engineering art. This is essentially why CEB-RILEM is 
advised to do something to change the present course. 
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NOTES 


EFFECT OF SUPERPLASTICIZING ADMIXTURES ON CEMENT HYDRATION 


A. Mor and P. K. Mehta 
Department of Civil Engineering 
University of California, Berkeley, CA 94720 


(Communicated by D.M. Roy) 
(Received Jan. 17, 1984) 


Since the advent of superplasticizing admixtures (ASTM Class F, high range 
water-reducers), many investigators have reported water reductions of the 
order of 15 to 25 percent by incorporation of these admixtures in concrete. 
The corresponding increase in concrete strength has, generally, been attri- 
buted to the reduced water-cement ratio. 


Johnston et al (1) found that even when the water-cement ratio was kept con- 
stant the superplasticized concrete showed higher compressive strengths at 
early ages than the reference concrete, however, at later ages the difference 
in strengths was negligible. For instance, in a concrete mixture containing 

a naphthalene-condensate type admixture, at 0.5 water-cement ratio it was 
found that the 7-day compressive strength of the superplasticized concrete 
was about 20 percent higher than the reference concrete, but at 365 days the 
strength difference was reduced to less than 5 percent. Johnston et al 
speculated that this increase in early strength of concrete in the presence 
of a superplasticizer was probably due to the higher rate of cement hydration. 
However, contrary results are reported by Gu Dezhen et al (2) who found that, 
compared to a reference cement paste made with 0.25 water-cement ratio, the 
superplasticized pastes including one containing a naphthalene-condensate had 
less water of hydration (combined or nonevaporable water) at 1, 3, 7, and 28 
days. 


The authors carried out a preliminary investigation to clarify the issue. 
Concrete mixtures of constant water-cement ratio were made with ASTM Type I 
portland cement and two types of superplasticizers, namely a naphthalene 
formaldehyde condensate and a melamine formaldehyde condensate. The amount 

of superplasticizer in concrete was 1, 2, or 3 percent by weight of cement. 
Compared to reference concrete, the 7 and 28-day compressive strengths of 
superplasticized concrete were higher by 5 to 10 percent, however, tests on 
the 7 months old specimens showed that the strength advantage had disappeared 
by then. A parallel investigation was carried out on a neat cement paste 
hydrated with water corresponding to 0.28 water-cement ratio, and both with or 
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without 1 percent of either of the two superplasticizers by weight of cement. 
The pastes were moist-cured at normal temperature for 28 days, then the hydra- 
tion was stopped by acetone washing and vacuum drying at 70°C for 24 hours. 
The dried specimens were tested for the combined or non-evaporable water con- 
tent by ignition to constant weight at 900°C. A portion of the dried speci- 
mens was investigated for pore size distribution by Mercury Intrusion Porosi- 
metry. 


The ignition losses of the reference cement paste, the cement paste containing 
the melamine-condensate, and the cement paste containing the naphthalene-con- 
densate were found to be 11.4, 13.35, and 13.60 percent, respectively. Accor- 
dingly, it can be calculated that the superplasticized cement pastes showed 

17 and 19 percent higher degree of hydration, respectively, than the reference 
cement paste. The data of this investigation, therefore, confirm the hypo- 
thesis of Johnston et al (1) that the rate of cement hydration increases in 
the presence of superplasticizers. 


Further affirmation of the conclusion reached above was provided by the results 
of pore size distribution analyses shown in the Figure. Since the pore size 
distributions for the cement pastes containing the superplasticizing admixtures 
were similar, only one plot is shown in addition to the data for the reference 
paste. 


Mehta and Manmohan (3) suggested that, from standpoint of compressive 
strength, the capillary pore volume in a hydrated cement paste may be divided 
into harmful pores (e.g. pores larger than 1000A) and harmless pores (e.g. 
pores smaller than 10004). The total cumulative volume of all capillary 
pores (i.e. pores >45 A, as_limited by the instrumental capacity), small 
capillary pores (45 to 1000A), large capillary pores (>1000A), and percentage 
of both large and small capillary pores present in the three cement pastes 
are shown in the following Table: 








CAPILLARY PORE VOLUME, om?/g 





Total Smal] Large 
Volume Pores Pores 





Reference Paste 0.0720 0.0433 0.0287 





Paste Containing 
Melamine-condensate 





Paste Containing 
Naphthalene-condensate 0.0870 0.0692 0.0178 20 80 























It is obvious from the tabulated data that percentage of large capillary 
pores in the 28-day old reference cement paste is almost twice than in the 
Superplasticized cement pastes. At a given water-cement ratio the higher 
compressive strength of superplasticized concrete can, therefore, be directly 
associated with the lower amount of large capillary pores present in the 
superplasticized cement paste than the reference cement paste. Everything 
else remaining the same, a superplasticized cement paste, with a better dis- 
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persion of anhydrous cement particles, is expected to show a higher overall 
rate of hydration and, accordingly, a faster rate of segmentation of the 
large capillary spaces present in the original paste. Interestingly, Gu 
Dezhen et al (2) also observed an appreciable decrease in large pores, and 
increase in harmless pores (<250A) in the superplasticized cement pastes. 
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FIG. PORE SIZE DISTRIBUTION PLOTS FOR THE CEMENT PASTES 
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THE SPACING FACTOR IN ENTRAINED AIR-BUBBLES. 
HAS IT ANY SIGNIFICANCE? 


S. Chatterji 
Teknologisk Institut 
2630 Taastrup. Denmark 


(Communicated by D.M. Roy) 
(Received Feb. 1, 1984) 


It has now generally been accepted that the performance of a con- 
crete sample in a freeze-thaw environment improves, if it con- 
tains a fine air-bubble system. Soon after the original emperi- 
cal observation, Powers proposed a saturated flow hydraulic pres- 
sure hypothesis to explain the observed improvement (1). Accord- 


ing to this hypothesis when a saturated concrete sample is ina 
freezing environment, ice crystals start to form in water-filled 
cavities of the paste. This ice formation forces some water out 
of the cavities, through narrow capillaries, to the air-bubbles, 
and it also generates the high hydraulic pressure which is neces- 
sary for the water-flow. If the hydraulic pressure is higher than 
the tensile strength of the paste, a rapture occurs. An entrain- 
ment of a fine air-bubble system in concrete, by reducing the 
path length of water-flow, limits the possibility of generation 
of a high hydraulic pressure. Thus in the context of the satura- 
ted flow hydraulic pressure hypothesis, the average inter-bubble 
distance has a definite fundamental significance. Based upon 
assumptions that all air-bubbles in a sample are equal-sized 
spheres arranged in a simple cubic lattice throughout the paste, 
Powers calculated a characteristic length called "the spacing 
factor" (2), which is related to the average inter-bubble dis- 
tance. The spacing factor is used extensively to define the per- 
formance of concrete samples both in research and in practice 
(3, 4). In some countries, a maximum value of the spacing factor 
is required for all concrete structures that are to be exposed 
to freeze-thaw environments. 


Powers' assumptions of equal-sized air-bubbles and their arrange- 
ment in a simple cubic lattice are seldom satisfied in practice. 
A more realistic value of the spacing factor may be obtained by 
an auto-correlation analysis of the data collected to obtain the 
air content by the modified point-count method (5). 


The above uncertainty is of minor importance. The major uncer- 
tainty about the "spacing factor" arises from the refutation of 
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the saturated flow hydraulic pressure hypothesis itself. Powers 
and Helmuth have shown that the saturated flow hydraulic pressure 
mechanism plays a minor role in breakdown of concrete samples in 
freezing environments (6). Helmuth has further concluded that 

the water-flow to the air-bubbles is always unsaturated (7). In 
the case of unsaturated flow, the hydraulic pressure is indepen- 
dent of the path length of water-flow. In this case the spacing 
factor loses all its physical and scientific relevance. 


If above is correct, then the present-day emphasis on the spacing 
factor is hampering the development of other more meaningful 
measures by drawing attention away from the real needs. I wonder 
if other workers have any views on this subject. 


It should be understood that I am not trying to cast doubt on 

the beneficial effect of air entrainment; I accept that as proven 
beyond doubt. The only purpose of this discussion is to ascertain 
if the spacing factor is still a relevant measure. 
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DISCUSSIONS 






A DISCUSSION OF THE PAPER 






"THE RETARDING ACTION OF SUGARS ON CEMENT HYDRATION" 
* 
BY N.L. THOMAS AND D.J. BIRCHALL 







S. Chatterji 
Teknologisk Institut 
2630 Taastrup.Denmark 







In this paper the authors have reported some rather unexpected 
and interesting results without much comments. Some clarifica- 
tions by the authors of the following points will be of interest. 







1) From Fig. 4 and Fig. 5 it can be seen that after 300 minutes 
Ca-ion level in the aqueous phase was 125 mM, that of OH-ion 

was 250 mM and Si was 22 mM. Fe and Al levels were above about 
7 and 5 mM, respectively. A OH/Ca mole ratio of 2 means that 
their charges were balanced. This raises the question about the 
states of Si, Fe and Al. Were these present in ionic or in neu- 
tral state? Their presence in ionic states will require some ne- 
gative ions to balance their charge. The presence of neutral Si 
in such a highly alkaline solution will also be somewhat anoma- 
lous. 


2) The authors seem to be proposing that sucrose-calcium adduct 
inhibits the nucleation and growth of Ca(OH)» and CSH. In that 
case sucrose will act as a set-retarder, but not as a hydration- 
retarder of Portland cement. The continued increase in ion con- 
centrations, as shown in Figs. 4 and 5, tells against sucrose 
being a hydration-retarder and indicates an unabated hydration 

of cement. Will it not be desirable to make a distinction be- 
tween a set-retarder and a hydration-retarder? 



















3) The continued hydration of cement in its turn will require a 
Ca/Si mole ratio of about 3 i.e. that of anhydrous cement, if all 
dissolved Ca and Si were in solution. However, from Figs. 4 and 
5 it can be seen that the aqueous phase after 300 minutes had a 
Ca/Si mole ratio of about 6, i.e. approximately half of the dis- 
solved Si is missing. Obviously sucrose is not very efficient in 
keeping Si in solution. But what has happened to the missing Si? 
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4) All commercial Portland cements contain some water soluble 
alkali salts. These alkali salts tend to get causticized fairly 
early during cement hydration. If the analyses shown in Figs. 

4 and 5 are total analyses of the aqueous phase at different 
time intervals, then it will appear that sucrose has somehow 
made the alkali salts either insoluble or reduced the rates of 


solution drastically. 
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A REPLY TO A DISCUSSION BY S CHATTERJI OF “THE RETARDING ACTION OF 
SUGARS ON CEMENT HYDRATION” BY N L THOMAS AND J D BIRCHALL* 


N L Thomas and J D Birchall 
Imperial Chemical Industries, New Science Group, 
PO Box No 11, Runcorn, Cheshire, UK 


The authors would like to thank Dr Chatterji for his discussion of 
their paper (1) and wish to make the following comments in reply. 


:) The analyses shown in Fig 4 were of Ca2+ obtained by titration with 
EDTA and ‘nominal’ OH  £oobtained by titration with HCl. Fig 5 shows the 
levels of Si, Fe and Al found in the same solutions. No attempt was made to 
analyse for other species in solution such as Nat, Kt and SO,“ of which it 
is well known that there are significant amounts present (2, 3). Note also 
that 50 mM sucrose solution was added to the paste and since sucrose is a 
weak acid with a pKa value of 12.6 (4) it will be at least partially 
ionized at the pH of these solutions - which was pH 12.7. Hence sucrose 
anions will contribute to the charge balance in solution and hence to the 
"nominal' OH” concentration measured. 


The authors are under no misapprehension that Si, Fe and Al are 
present as neutral species in the aqueous phase of these cement pastes and 
certainly do not hold Dr Chatterji's apparent view that these species 
could be daguengetggy, | charged ions. At pH 12.7 Si exists as the monomer ions 
H3Si0,4,” and H9Si0,4“" and also as the dimer HySi2072- (5). Al and Fe are 
amphoteric and will be present as Al1(OH)4 and Fe(OH)¢° . Depending on the 
pK values of all the anions present they too will contribute to the 
nominal OH concentration measured. However, since we did not attempt to 
measure all the species present in solution it would seem unfruitful to 
speculate on the charge balance of only a part of what was present. 
Instead we want to draw attention to the large increase in calcium 
concentration and the dramatic increases in Si, Al and Fe found in the 
aqueous phase of cement pastes mixed with sucrose. 


2) Sucrose certainly does increase the concentration of ions in solution 
as shown clearly in Figs 4 and 5. Investigations using isothermal 
calorimetry (6) show that addition of sucrose to a cement paste not only 
extends the dormant period, indicating a retarded setting process, but also 
gives rise to a lower second heat evolution peak. This latter effect is 
indicative of a hydration-retarder. Hence, although it is easy to agree 
that sucrose is a set-retarder it appears to be a matter of semantics as to 
whether or not it is a hydration-retarder. 
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3) Typical values for C/S ratios in cement filtrates reported in the 
literature are greater than 100 and mostly around a value of 1000 (7). 
When OPC is mixed with 50 mM sucrose solution it is found that the C/S 
ratio drops continuously with time as more OPC is apparently solubilized. 
These results, taken from Figs 4 and 5, are tabulated below. 


TABLE 1 


Decrease in C/S Ratio with time for cement paste mixed with 50 mM Sucrose 








C/S Ratio Mixing Time 





20 secs 
1 min 

5 mins 
10 mins 
30 mins 
70 mins 
120 mins 
210 mins 
300 mins 








After 300 minutes both Ca2t+ and Si levels continue to rise showing 
dissolution is still occurring, ie the system has not yet reached 
equilibrium. The theoretical C/S ratio in solution if the OPC were to 
dissolve congruently would be 3.5 (from the Bogue Analysis) and with time 
the C/S ratio in these sucrose systems would be expected to approach this 
value. What is very remarkable is that the C/S ratio has dropped from a 
value of 1000 found in control cement pastes down to a value of about 6 
after 300 minutes stirring in 50 mM sucrose. It is evident that sucrose (or 
rather the 1:1 calcium-sucrose adduct) has a remarkable ability to prevent 
the precipitation of CSH gel, and that it is very efficient in keeping Si 
in solution. Further work on this topic will be published in ref 8. 
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A DISCUSSION OF THE PAPER "A CLASSIFICATION OF INORGANIC 
AND ORGANIC ADMIXTURES BY CONDUCTION CALORIMETRY" BY 
C.R. WILDING, A. WALTER AND D.D. DOUBLE” 


W.B. Butler 
Monier Resources Research 
P.O. Box 7, Villawood, N.S.W. 2163, Australia 


In detailing their procedures, the authors mention that two samples of 
cement, of differing Bogue composition, but both ordinary Portland Cement from 
One works, were used in the trials. 





However, no mention is made in the results in regard to differences in 
performance with the two samples used. A strong note of warning must be sounded 
to those who might try to apply the results of this work broadly and without 
confirmatory tests. In our experience, the relative performance of admixtures 
generally is strongly influenced by cement chemistry. Particularly when more 
than one admixture is present, it is a brave man who predicts the setting per- 
formance of the concrete without testing the mixture. 


The comments of the authors would be appreciated. 
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A REPLY TO A DISCUSSION OF "A CLASSIFICATION OF 
INORGANIC AND ORGANIC ADMIXTURES 
BY CONDUCTION CALORIMETRY™ BY W.B. BUTLER 


by C.R. Wilding, A. Walter and D.D. Double 
Dept. of Metallurgy and Science of Materials 
University of Oxford, Oxford OX] 3PH, U.K. 


The results presented were part of a chemical study of the 
effect of admixtures on the hydration of Portland cement in order to 
understand how these admixtures might work. Although two 
different batches of ordinary Portland cement were used, tests 
showed that they gave comparable results in the calorimetric 
experiments. The aims of the research were stated in the final 
paragraph of the introduction. It was not advocated that the 
results could be directly transferred to the setting and hardening of 
bulk concrete where many other factors, apart from hydration 
chemistry, are involved. 





“CCR 14, 185-194 (1984). 





CEMENT and CONCRETE RESEARCH. Vol. 14, pp. 765-766, 1984. Printed in the USA. 
9008-8846/84 $3.00+00. Copyright (c) 1984 Pergamon Press, Ltd. 


NEWS ITEMS 


Fourth International Congress on POLYMERS IN CONCRETE, Sept. 19-21, 
Technische Holchschule Darmstadt, W. Germany. Information: 

Prof. H. Schulz, Technische Hochschule Darmstadt, Kennwort, 

ICPIC 1984, Petersenstrasse 30, D-6100 Darmstadt, W. Germany. 


International Conference on IN SITU/NONDESTRUCTIVE TESTING 
OF CONCRETE, by ACI, CANMET, National Bureau of Standards 

and the Canadian Society for Civil Engineering, Westin Hotel, 
Ottawa, Canada. Information: Harry S. Wilson, CANMET, 405 
Rochester St., Ottawa, Ontario, Canada KIA 0G1. 


International Conference on TALL BUILDINGS, Shangri-la Hotel, Oct. 22-26, 
Singapore, sponsored by the Council of the Institution of 

Engineers, Singapore. Information: The Chairman, ICTBS 84, 

10, Anson Road, #14-06, International Plaza, Republic of 

Singapore (0207). 


ACI Convention, Grand Hyatt, New York, NY. Information: Oct. 28-Nov. 2, 
Ann K. Bruttel, Convention and Meetings Manager, ACI, 
P.O. Box 19140, Detroit, MI 48219 USA. 


Materials Research Society Symposium L, THE POTENTIAL FOR Nov. 26-30, 
VERY HIGH STRENGTH CEMENT-BASED MATERIALS, Boston Marriott 

Hotel/Conpley Place, Boston, MA. Information: Dr. J. Francis 

Young, 3209 Newmark Civil Engineering Lab., University of 

Illinois-UC, Urbana, IL 61801 or Dr. Sidney Mindess, Dent. 

of Civil Engineering, University of British Columbia, 

Vancouver V6T 1W5, Canada. 


Materials Research Society Symposium M, COAL COMBUSTION AND Nov. 
CONVERSION WASTES: CHARACTERIZATION, UTILIZATION AND DISPOSAL, 
Boston Marriott Hotel/Copley Place, Boston, MA. Information: 

Dr. Turgut Demirel, Dept. of Civil Engineering, Iowa State 
University, Ames, IA 50011, or Dr. Gregory McCarthy, Dept. of 
Chemistry, North Dakota State University, Fargo, ND 58105, or 

Dr. Barry E. Scheetz, Materials Research Laboratory, The 
Pennsylvania State University, University Park, PA 16802. 


Annual Convention of the AMERICAN CONCRETE INSTITUTE, Denver, 
CO. Information: Ann K. Bruttell, Convention and Meetings 
Manager, ACI, P.O. Box 19150, Detroit, MI, USA. 


The 8th International Congress on the CHEMISTRY OF CEMENT, Late Summer 1986 
Rio de Janeiro, Brazil. Information: Secretaria Geral do 

8° Congresso de Quinica do Cimento, Rua da Assembléia, No. 

10, 40° andar, Grupo 5001-20011, Rio de Janeiro/RJ, Brazil. 


765 





NEWS ITEMS 


CALL FOR PAPERS 


The 7th International Conference on CEMENT & CONCRETE MICROSCOPY will be 
held from March 25-28, 1985, at the Americana Hotel, Fort Worth, TX, USA. The 
topics to be covered are: (1) Microscopic structures of building materials, in- 
cluding lime, gypsum, light and heavyweight aggregates, cement, concrete, slag, 
flyash, silica fume, etc.; (2) Microscopic structures of the different types of 
cement clinker products and hydration; (3) Effect of additives on the micro- 
structure of cement and concrete and the relationship between the microstructure 
and concrete strength; (4) Application of different tynes of microscopes for 
the quality control of clinker, cement, concrete, etc.; (5) X-ray diffraction 
analysis of Portland cement and related materials and the relationship between 
the microstructure and the mineralogical composition. 


Authors should send abstracts by November 15, 1984 to: Arturo G. Nisperos, 
Material Service Corp., 901 N. Sangamon St., Chicago, IL 60622 (subjects dealing 
with microscopy of concrete and concrete-making materials); or to James Bayles, 
Coplay Cement Co., Nazareth, PA 18064 or Dr. George R. Gouda, Kuwait Inst. for 
Scientific Research, P.O. Box 24885, Safat, Kuwait (subjects dealing with the 
microscopy of cement and clinkers). Final text is due by Jan. 31, 1985. 














A Symposium on EVALUATION OF FIRE DAMAGE OF CONCRETE AND REPAIR OF DAMAGE 
will be held during the ACI fall convention in Chicago, IL, October 1985, spon- 
sored by Committee 215, Fire Resistance and Fire Protection of Structures. 
Papers on a variety of topics which comply with the general theme of the sympos- 
ium are solicited. 


Authors should send Paner title, 300 word abstract and author(s) name, title, 
organization, and address, by Oct. 31, 1984, to T.Z. Harmathy, Committee 216 
Chairman, National Research Council of Canada, Division of Building Research, 
Ottawa, Ontario, KIA OR6, Canada; or F.Ray Vollert, Rockwell Hanford Operations, 
P.O. Box 800, Richland, WA 99352. 








An International Symposium on CONSOLIDATION OF CONCRETE will be held during 
the ACI annual convention in San Francisco, CA, March 1986, snonsored by Commit- 
tee 309, Consolidation of Concrete. Topics include, but are not limited to: 
effect of mix properties, concrete materials: methods of consolidation, select- 
ion of vibrator equipment; equipment for vibration, new developments; theoreti- 
cal aspects regarding consolidation; test methods for judging adequacy of con- 
solidation in fresh concrete; methods for measuring vibrator efficiency, fre- 
quency, amplitude, force; procedure of vibration, internal and external; revi- 
bration, timing, extent, benefits; design of form equipment and placing vibrator 
on forms, size, spacing, form requirements; consideration of construction de- 
tails, reinforcement spacing, concrete workability; mass concrete, roller com- 
paction; structural concrete, pavements, slabs, precast products, block, pipes; 
Special concretes, lightweight, heavyweight; quality control, consolidation of 
test specimens; field preformance, discussion of experiences of properly and im- 
properly consolidated concrete. 


Authors should send Paper title, 200 word abstracts, and author(s) name, 
title, organization, and address by Dec. 31, 1984 to Steven H. Gebler, Construc- 
tion Technology Laboratories, Portland Cement Association, 5420 Old Orchard Road, 
Skokie, IL 60077. Final papers are due June 30, 1985. 








VOL. 
14 
1984 





CEMENT and CONCRETE RESEARCH. Vol. 14, pp. 767-775, 1984. Printed in the USA. 
0008-8846/84 $3.00+00. Copyright (c) 1984 Pergamon Press, Ltd. 
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OF CRACKING IN FLYASH-BEARING CEMENT PASTES 
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Sidney Diamond 
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(Received Jan. 10, 1984) 


ABSTRACT 
Compact tension specimens were prepared from a cement-flyash 
paste with an especially-high content of cenospheres, to permit 
examination of the details of the influence of cenospheres on 
the cracking pattern obtained on loading such specimens in the 
SEM. It was found that even after extensive aging, the advancing 
crack typically went around the cenosphere-paste interface rather 
than cleaving through the cenosphere itself. Branching of the 
crack on its path around the cenosphere perimeter was commonly 
observed. Thus, cenospheres in flyash-cement systems appear to 
act as energy-dissipating inclusions in fracture and do not 
necessarily weaken the system. 


Introduction 





In recent years work has been carried out at Purdue University (1-3) 
aimed at documenting the details of crack initiation and propagation in 
various cement systems. These observations have been made using specimens 
loaded and observed within the specimen chamber of a scanning electron 
microscope (SEM), so that crack initiation and propagation paths could be 
directly visualized. Cracking induced by both tension and compression 
loadings have been studied. 


The use of flyash as a component of blended cements or as a mineral 
admixture in concrete has become commonplace in recent years. Among the 
more interesting features of many flyashes is a small but conspicuous 
proportion of cenospheres, relatively large thin-walled hollow particles 
produced during flyash formation by evolution of gas trapped in a viscous 
molten glass matrix. While the content of such particles in most flyashes 
is likely less than 1% by weight, occasional flyashes have higher pro- 
portions present. In any event, the proportion of cenospheres by volume 
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is obviously greater than the weight proportion, and given the hollow char- 
acter of the particles and the thinness of their shells, some effect of the 
presence of these particles on crack propagation might be evidenced. The 
work described here is the result of a brief investigation to explore this 
possibility. 








Experimental Details 












The cement pastes studied were prepared using a blend of 70 percent by 
weight of an ordinary ASTM Type I portland cement and 30 percent by weight 
of a fraction of an ASTM Class F low-calcium flyash separated so as to be 
highly enriched in cenospheres. The flyash was obtained from the Stout 
station of the Indianapolis Power and Light Co., and is a fairly typical 
bituminous coal flyash. As such, it is not particularly rich in cenospheres 
but does contain enough cenosphere particles that it can serve as a source 
for such material. 











To obtain a flyash fraction enriched in cenospheres, small amounts of 
flyash were stirred vigorously in deionized water for a few minutes, and then 
the bulk of the ash was permitted to settle. The supernatant suspension was 
then siphoned off and passed through a Whatman No. 42 filter paper, leaving 
behind a residue which was dried and then ignited at 750 degrees C to remove 
residual carbon. As indicated in Fig. 1, the flyash material recovered con- 
sisted of a mixture of large cenospheres averaging about 60 micrometers in 
diameter and very much smaller solid flyash spheres of the order of perhaps 

1 to 8 micrometers in diameter. No attempt was made to assess the pro- 
portions of the two classes of particles. 1984 









Pastes having a water:solids ratio of 0.35 were prepared using a 70% 
cement - 30% cenosphere-enriched flyash blend. Mixing was carried out under 
vacuum in a special chamber designed to minimize the entrapment of air in 
the paste. The paste was then cast into molds to produce compact tension 
specimens of a type previously described (1), light vibration being used to 
facilitate the casting operation. This is necessary since the specimens are 
cast around a prepositioned thin blade element so as to produce the pre- 
formed notch necessary in loading a compact tension specimen. The specimens 
were stored over water for 24 hours, demolded, and then cured under saturated 
limewater for various periods. 


Prior to testing, each compact tension specimen was polished using suc- 
cessively No. 240, No. 800, and No. 1200 aluminum oxide grits. This pro- 
cedure removed the paste film which had formed against the mold and exposed 
the cenospheres that were lying in the plane of the new surface produced, 
slicing many of them open and exposing their hollow centers. Unfortunately, 
the procedure also resulted in the collection and entrapment of some grit 
and ground residue particles within these shells, which were not removed 
despite extensive washing. It is not considered that the presence of such 
material influenced the cracking pattern being investigated. 


The specimens were then loaded in the testing device within the SEM 
chamber, in the saturated surface dry condition. The technique used is that 
recently described ( 4), in which the secondary electron detector of the SEM 
is replaced with a Robinson backscattered electron detector. The specimen 
chamber is kept effectively saturated with water vapor by air drawn through 
a wet gas bubbler system. In this way the specimen can be maintained at the 
modest vacuum required (approximately 0.7 torr) while also being kept ina 
wet environment to prevent excessive drying and shrinkage cracking. No 
cracking prior to mechanical loading was detected. 
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Loading was applied by advancing a wedge in the manner customary for 
compact tension systems, until a crack was produced. After study and photo- 
graphic recording of the details of the initial crack, the loading was renewed 
until the crack ran completely through the specimen, fracturing it into two 
pieces. Both halves were then removed from the SEM, dried, mounted on an SEM 
stub, and sputter-coated with a thin gold-palladium layer to permit obser- 
vation at higher resolution. Both the polished surface and the surface 
formed by the crack itself were then examined with the secondary electron 
detector, the Robinson detector being disconnected. 


Observations 





As indicated in Fig. 1, the cenosphere enriched flyash component of the 
blended cement used consisted of large and easily recognized cenospheres and 
large numbers of much finer solid particles. The cenospheres ranged in size 
from about 25 um to about 150 um, with the mean being about 60 um. Exami- 
nation of broken cenospheres indicated a mean wall thickness of about 4 um. 
It is Obvious that such particles are easily recognizable on a polished 
surface, and the trace of a crack intersecting such a particle is relatively 
easy to define. 


FIG. 1] 
Recovered flyash material consist- 
ing of large cenospheres and smal] 
solid spheres. 
Original magnification: 170x. 


Illustrations of typical cracking patterns for these specimens are shown 
in Figs. 2a and 2b. In general, the fracture path pattern resembles that 
previously observed for ordinary portland cement pastes (2). The path of the 
advancing crack is generally in the forward direction ahead of the notch, as 
expected; this is the upward direction in most of the micrographs below. 

The actual path is tortuous and made up of short seaments which mark suc- 
cessive small changes in direction as seen in Fig. 2a. The other feature 
commonly observed in ordinary cement pastes is occasional branching of the 
main crack, throwing off one or more subsidiary cracks (2). In the present 
work, the cenosphere-enriched flyash cement pastes show occasional branching 
when the crack advances around the periphery of a cenosphere, as well as 
occasionally in the "bulk" paste matrix. Fig. 2b provides an illustration 
of each type, marked "A" and "B", respectively. 
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FIG. 2a 
Typical cracking pattern 
for cenosphere-enriched 
flyash-cement paste show- 
ing crack path around 
boundaries of the ceno- 
spheres. 
Original magnification: 
140x. 


FIG. 2b 
Cracking pattern showing 
branching at cenosphere, 
designated A, and in bulk 
paste, designated B. 
Original magnification: 
80x. 


The predominant feature observed to occur when the advancing crack 
encountered a cenosphere was a partial encircling of the cenosphere by the 
crack, with the crack following a path along the interface between the cir- 
cumference of the sphere and the surrounding paste matrix. This behavior 
is exhibited in 10 of the 11 intersections of the crack with cenospheres 
in Figs. 2a and 2b. 


Subsequent examination of the actual surface of fracture produced by 
the crack (after the two halves of the specimen had been dried and coated) 
indicated that generally a lime-rich layer had formed in contact with the 
cenosphere, and that the crack had separated this layer cleanly from the 
outside surface of the cenosphere. This is indicated in Fig. 3, which 
shows the actual crack-created surface, marked "F" (for fracture) in the 
micrograph. The original polished surface, approximately at right angles 
to the crack-created fracture surface, appears at the very top of the 
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micrograph, and is designated "P". The upper right portion of the micro- 
graph shows the sliced-open top of the truncated cenosphere, with the 
original top removed in the grinding process; the partial shell remaining 
seems to be full of grit and polishing debris. The lime-rich layer just 
outside of the cenosphere boundary and separated from it by the advancing 
crack is marked "L" in the micrograph. 










FIG. 3 
Micrograph showing sepa- 
raticn between cenosphere 
and cement paste matrix 
caused by advancing crack. 
P is original polished sur- 
face, F is a fracture sur- 
face created by the crack, 
L is the lime-rich boundary. 
Original magnification: 
1000x. 

















In some instances local features exposed at the crack intersection with 
a cenosphere are more complex. An illustration of one such occurrence is 
provided in Fig. 4. In this micrograph the polished surface is again indi- 
cated by "P" and the fracture surface created by the main advancing crack 
by "F". The 10 um-wide crack shown extending downward from the polished 
surface is the trace of a branch crack. In this illustration the ceno- 
sphere happened to lay along the intersection of the main crack and a branch 
crack, at a distance of about 40 um below the polished surface. It is seen 
that in this case the main crack has passed directly through the cenosphere, 
creating the exposed opening. The branch crack, in contrast, has gone a- 
round the interface of the cenosphere, resulting in a clean separation of the © 
sphere from the matrix. 
















FIG. 4 
Cenosphere found at intersection 
of main crack and a branch crack. 
P is the original polished sur- 
face, F is the fracture surface 
created by the main crack. 
Original magnification: 500x. 
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It was found that very few of the cenospheres were actually broken 
during the fracturing process. Even for specimens cured in limewater for 
50 days at ambient temperature and then cured an additional 10 days at 50°C 
to accelerate additional hydration, examination indicated that fewer than 
10 percent of the cenospheres exposed on the polished surface and inter- 
sected by an advancing crack suffered any visible damage. This result was 
confirmed after subsequent separation and mounting of the two halves of the 
fractured specimen. Examination of the newly-created surfaces indicated a 
preponderance of unfractured cenospheres partially bound to the cement 
paste matrix, along with a considerable number of sockets where cenospheres 
had pulled out and adhered to the other half of the original specimen. 
Comparatively few fractured cenospheres were observed. 


One illustration of a crack running through, rather than around a 
cenosphere has already been provided. In Fig. 2b the crack intersecting 
the large cenosphere at the bottom right-hand edge of the figure has passed 
directly through the cenosphere. Fig. 5 provides another illustration, in 
a 50-day old paste. The general surface exposed is that of the polished 
surface. The 25 um-wide crack depicted is the trace of the main crack, 
which has passed through the cenosphere and produced a major disruption to 
the local structure. This particular cenosphere seems to have been almost 
filled with grit and polishing debris when the polished surface was created. 


Cenospheres incorporated in cement paste systems provide an il lus- 
tration of a class of thin-walled spherical inclusions. While the walls are 
thin with respect to the diameter of the particles, it is obvious that they 
are thick enough to provide a crack-path modifying effect. To provide an 
illustration of “infinitely thin" spherical inclusions and their effects on 
the crack path, an air-entrained portland cement paste was made in which 
air bubbles of sizes comparable to those of the cenospheres were incorpo- 
rated within the matrix. Testing these specimens in the same apparatus 
produced crack patterns and branching similar to those of pastes containing 
cenospheres. However, the air bubbles provide no resistance to the advanc- 
ing crack, and as indicated in Fig. 6, the crack passed directly through all 
of the air bubbles encountered on its path. 


Finally, while the main concern of this work was with details of the 
fracturing process, the opportunity was taken to observe the surfaces of the 
cenospheres separated from the paste matrix by the passage of a crack for 


FIG. § 
Cenosphere on polished surface 
disrupted by advancing crack. 
Original magnification: 400x. 
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FIG. 6 
Micrograph showing advancing 
crack penetration directly 
through air voids in deliber- 
ately air-entrained cement 
paste. 
Original magnification: 200x. 


visual evidence of reaction with the cement paste. Fig. 7a shows a typical 
cenosphere surface region exposed by the advance of a crack in a specimen 
cured for 14 days. There is no visual indication of physical or chemical 


FIG 7a 
Micrograph showing ceno- 
Sphere surface exposed by 
advancing crack in 14-day 
old specimen; no visual 
evidence of reaction can 
be seen. 

Original magnification: 
1500x . 


_ 


interaction having taken place between the surrounding cement paste matrix 
and the outer surface of the cenosphere. In contrast, after 50 days of 
ambient-temperature curing followed by 10 days at 50°C, a number of spheres 
exposed by passage of a crack did show signs of reaction. Fig. 7b pro- 
vides an illustration of this, in the form of faint but distinguishable 
etching away of the glass of the exposed surface. In the area marked "A" 
faint outlines of embedded laminar crystals, probably mullite, are ex- 
posed by the start of this chemical etching reaction process. The removal 
of the top portion of the cenosphere in Fig. 7b was the result of the 
surface polishing procedure and was not due to fracture. 
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FIG. 7b 
Micrograph showing ceno- 
sphere surface exposed 
by advancing crack in 
specimen cured for 50 
days at room temperature 
and for 10 additional 
days at 50°C. A indi- 
cates exposed surface 
exhibiting definite 
indications of etching 
of glass. Original 
magnification: 1500x. 


Conclusions 


Cement-flyash pastes incorporating cenospheres develop the usual 
tortuous and branched crack pattern when loaded in the compact tension 
device, but show certain specific features peculiar to the intersection of 
the advancing crack with the cenospheres. The predominant interaction is 
a boundary layer separation of the cenosphere outer surface from the sur- 
rounding cement paste matrix as the crack passes around, rather than through 
the cenosphere. Sometimes the crack branches while traversing around a 
cenosphere. The separation appears clean, even in well-aged specimens, 
and seems to be due to the limited adhesion developed between the cenosphere 
and the calcium hydroxide-rich layer that develops around it. Interactions 
in which the advancing crack goes through, rather than around, the ceno- 
sphere occur in less than 10 percent of the observed contracts, even after 
the specimens had been cured at an elevated temperature. 


The increase in crack length and tortuousity induced by the presence 
of the cenospheres appears to constitute an energy-dissipating mechanism 
that should act to decrease the tendency toward fracture of a loaded ceno- 
sphere-containing specimen as compared to one that does not contain such 
inclusions. Whether such an effect is of any quantitative significance 
remains to be seen. 


Observation of cenosphere surfaces parted from the cement paste matrix 
by passage of a crack showed little indication of chemical reaction even 
after almost two months of room-temperature curing in limewater. However, 
after ten days of additional curing at 50°C, some evidence of surface etch- 
ing of the outer glass surface was detected. 
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ABSTRACT 
The possibility of substitution of expensive active fillers, e.g. car- 
bon black, for the waste products which can play the role of these 
filllers, e.g. the waste cement dusts or the waste post-HF silica, 
were investigated. The physico-chemical properties of the investi- 
gated waste cement dusts and the waste post-HF silica, as well as the 
strength properties of the rubber compounds containing these as 
fillers, were determined. To increase the activity and chemical affin- 
ity with the rubber, the waste cement dusts and the waste post-HF 
Silica were modified by the use of adhesion promoters, that is alkoxy- 
Silanes. It was found that it would be possible to nartly substitute 
carbon black for the waste cement dusts and the waste post-HF silica. 
The mixture ratio of a compound which had these wastes and showed the 


optimum strength properties was proposed. 


Introduction 





The world energy crisis forces a deep and precise analysis of used fillers 
upon the producers of rubber. These analysis should not be restricted to the 
prices of plastics, rubbers and fillers, but they must consider energy consump- 
tion and wearing out of processing machines. Kinds of fillers and methods of 
their application are usually kept secret by the producers and for this reason, 
the information on fillers are very often not precise. 


There are four basic phases which can coexist in cements. These are: 
3Ca0-Si02, 2Ca0-Si09, 3Ca0-Al203 and 4Ca0-Alo03-Fe203. It is the calcium sili- 
cates that can influence the application of cement as the fillers of rubber com- 
pounds. The increase of chemical affinity of the investigated cement dust to 
polymer chains of rubber networks is of great importance, and at present, the 
investigation of this increase towards more plastics, before their plasticizat- 
ion, is thoroughly carried out. The mixing of cement with styrene-butadiene 
latex is of considerable importance in the preparation of some new types of 
building materials. To achieve that, the anionic surface-active agents are used 
which are introduced in order to obtain the desired dispersion and emulsifica- 
tion for the preparation of a co-polymer, as well as non-ionic surface active 
agents which are added in order to stabilize a polymer in a cement composition. 
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The surface of cement dusts can be modified by the use of polyorganosiloxane 
compounds (1), aS well as alkoxysilane (2-6) and organotitanate (7,8) adhesion 
promoters. In our investigations, we partly used the silane coupling agents to 
increase chemical affinity of cement dusts towards a polymer frunter’. 


Experimental 


The investigations of the waste cement dusts, dedusted by multicyclones in 
"Nowiny" cement plant, together with the investigations of the pretreated waste 
silica coming from the production of hydrofluoric acid (post-HF silica), were 
carried out. The latter was used with the former as fillers in rubber compounds. 
PM-75 commercially pure carbon black, produced in the USSR, was also used as a 
substitute for silica. 


The chemical constitution of the investigated samples, the pH of water ex- 
tracts and moisture content were determined. Specific surfaces were measured 
chromatographically (10). 


The whiteness degree of the waste cement dusts and silica were determined 
leucometrically. The Zeiss leucometer, with a 6V and 30W mercury lamp as a 
light source, and blue, 459 mu, as well as red, 614 m, were used. As a standard 
we used a freshly roasted barium sulphate. 


The activity of cement dust and waste silica were regulated through a change 
of hydrophilic surfaces, partly or totally, for hydrophobic ones. To do this, 
some silanes were used to modify surfaces of these fillers. The modifications 
were carried out in the semi-commercial scale by the use of a mixer of our own 
construction, which had the capacity of 3.5 dm3 (11). The following silanes, as 
the modifiers, produced by Union Carbide Corporation (4), were used: 


A-189 gamma-mercaptopropy!trimethoxysilane 
A-172 viny1-tris(beta-methoxyethoxy)silane 
A-1100 gamma-aminopropy!ltriethoxysilane 


The silanes were added in the amounts of 0.5 - 3.0 parts by weight for a 100 
parts by weight of filler. Because of the low efficiency of silane as a modifer 
of waste cement dusts, we tried to mix cement with the post-HF waste silica, 
which is characterized by a considerably greater degree of interaction with the 
Silane alkoxy groups. 


The choice of this silica was dictated by its physico-chemical parameters, 
mainly particle diameters and specific surfaces, which are similar to those of 
cement dust. Bulk density and packing density were determined by the use of a 
WE-5 electromagnetic volume indicator (12). Shaking down coefficient as packing 
density and bulk density, the ratio of a loosely poured material was also calcu- 
lated. 


To obtain a fuller characteristic of the investigated fillers, the water 
and dibutylpthalate absorbing capacities were determined. The amount of ab- 
sorbed water depends on the surface development and on the degree of agglomera- 
tion of a filler. The end point of the investigated water absorbing capacity 
was taken the one in which one drop of water causes a clear fluxing of the 
formea paste. In terms of dibutylpthalate, the end point was chosen as the one 
in which the consistency of paste changes rapidly and makes it stick to a glass 
plate. 


Heat of immersion was determined in a KRM differential calorimeter (13), 
using the electric method of the calorimeter capacity determination. Water and 
benzene immersion heat of modified and non-modified samples of waste silica and 
cement dust were measured. The observations of samples were carried out by the 
use of the intermediate single-stage replica method (14) and a JEM-7A (Jeolco- 
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Japan) over-exposure electron microscope. The next step was to investigate the 
Ker 1500 butadiene-styrene rubber compounds which contained waste cement dust. 
The mixture ratio is shown in Table 1. 


TABLE 1 

Mixture Ratio of the Ker 1500 Rubber Compound Based on Cement Dust 

Compound 
B 








Ingredient 4 C 


(part by weight) 


Ker 1500 100 100 100 
Stearin ] 
Accelerant M 2 
Sulphur 2 
Cement dust 100 
Zinc oxide ~ 








Within each of the above A, B, and C compounds, the following samples of ce- 
ment dust were introduced: (0) non-modified cement dust; (1) cement dust + 2 
parts by weight of A-1100 silane; (2) cement dust + 2 parts by weight of A-189 
Silane; and (3) cement dust + 2 parts by weight of A-172 silane. Cement dusts 
were also used to substitute, partly or totally, some reinforcing or semi-rein- 
forcing fillers such as the PM-75 commercial carbon black and the waste post-HF 
silica. The compound ratio was as follows: 


Ker 1500 100 parts weight 
Stearin 2 parts weight 
Cement 0-50 parts weight 
Carbon black or silica 0-50 parts weight 
Zinc oxide 5 parts weight 
Benzothiazole disulphide 2.2 parts weight 
Diphenyloguanidine 1.4 parts weight 
Sulphur 2 parts weight 


The strength tests of the rubber vuncanizates were carried out. In this paper, 
we show the results of them for the vulcanization at 143°C for 30 minutes. 


Results 


Table 2 illustrates the chemical analysis results of the "Nowiny" cement 
dust and the waste post-HF silica. 


Table 3 shows some physico-chemical properties data of the non-modified 
fillers. 


The results of immersion heat tests are shown in Table 4. It shows that 
data for silica and cement dust modified by 3 parts by weight of the used si- 
lanes. The comparison of water and benzene immersion heat of the invest- 
igated filler samples modified by the A-189 silane, is shown in Figure 1. 


Figure 2 shows the electron microscope photograph of cement dust, post-HF 
Silica and the 1:1 mixture of them. The strength test results of the compounds 
in Table 1, filled with non-modified and alkoxysilane modified cement dusts, are 
Shown in Table 5. 

Physico-mechanical indexes for the Ker 1500 rubbers, which have various 


amounts of the cement dust and the waste silica, are given in Table 6. Table 7 
shows the same indexes for the Ker 1500 rubbers containing various amounts of 
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TABLE 2 


Chemical Constitution of the Investigated Cement Dusts 
and Semi-Reinforcing Post-HF Silica (average % by weight) 




















' "Nowiny" waste Dried waste 
Ingredient cement dust _post-HF silica 
Si0, 24.58 88.42 
Al,0, 4.58 2.20 
CaO 57.80 1.63 








Fed+Fe,0. 0.90 0.45 
MgO 2.88 - 
F- - 2.42 







moisture ed 2.30 









TABLE 3 


Physico-Chemical Properties Data of the "Nowiny" Cement Dust 
and the Waste Post-HF Silica 









“Nowiny” Waste post-HF 
















Property cement dust silica 
Water suspension pH 10.2 6.2 
Specific gravity (g/cm?) 5.42 2.05 
Bulk density (g/dm?) 634 245 
Packing density (g/dm3) 865 380 
Shaking down coefficient 1.36 1.55 
Water absorption (g/100g) . 100 
Dibuty] pthalate absorption (g/100g) 62 90 
Whiteness degree (%) 32.1 70.7 
Specific surface (m2/g) 10.5 42.] 
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TABLE 4 


Water and Benzene Immersion Heat of Cement Dust 
and Waste Post-HF Silica 


“Kind of Seale Water Immersion Heat Benzene Immersion Heat 
cal/g J/g cal/g J/g 











Waste post-HF 2.42 10.13 2.45 10.23 
Silica 

Waste post-HF silica 

+ 3 parts by weight ; ‘ 3.80 15.89 
of A-189 

Waste post-HF silica 

+ 3 parts by weight 

of A-1100 


Waste cement dust 
Waste cement dust + 

3 parts by weight of 
A-189 
Waste cement dust + 

3 parts by weight of 
A-1100 








TABLE 5 


Physico-Mechanical Properties of the Ker 1500 Rubber Vulcanizates 
Filled with Non-Modified and Alkoxysilane Modified Cement Dusts 


Tensile Relative Tensile 
Compound strength elongation set 





Hardness 


(MPa ) (%) (°Sh) 








the dust and the PM-75 commercial carbon black. Figure 3 shows the tensile 
strengths for rubbers filled with 1:1 mixture of the cement dust and the post- 


HF silica modified by various silanes as a function of the silane amounts. 


Discussion 


Cement dust and post-HF silica have badly developed surfaces and as a re- 
sult of this they belong to little active fillers. In order to increase their 
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FIG. 2 


Electron-microscope hoa 9 of the investigated fillers. 


Magnification x 30.000. (a) cement dust; (b) post-HF 
silica; (c) 1:1 mixture of cement dust and post-HF silica. 
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TABLE 6 


Physico-Mechanical Indexes for the Ker 1500 Rubbers Containing 

Various Amounts of the Non-Modified Cement Dust and the Post-HF 
Silica. Vulcanization Parameters: Time - 30 minutes; Temper- 
ature - 143°C. 





Amount of cement dust (parts by weight) 
0 10 20 30 40 50 

Amount of waste silica (parts by weight) 
50 40 30 20 10 0 








Index 








Tensile strength 
(MPa) 5.6 5.0 4.2 3.9 3.4 2.8 


Relative elon- 310 330 400 400 520 #540 
gation (%) 

Tensile set (%) ye 2 Oe eS 

Modulus 300 (MPa) 4.8 4.5 3.6 3.4 2.9 2.3 





TABLE 7 


Physico-Mechanical Indexes for the Ker 1500 Rubbers Containing 
Non-Modified Cement Dust and PM-75 Commercial Carbon Black. 
Vulcanization Parameters: Time - 30 minutes; Temperature - 143°C. 





Tensile Relative Tensile 
Filler Strength elongation set Flexibility 
(MPa) (%) , (%) 





Commercial Carbon 
black (50 parts 18.4 460 50 
by weight) 
Carbon black + 
cement dust (10 16.2 540 50 
parts by weight) 
Carbon black (25 
parts by weight) 
+ cement dust (25 
parts by weight) 











FIG. 3 


The influence of the amount 
of silanes upon the tensile 
strength of rubbers filled 
with the 1:1 mixture of 
cement dust and post-HF 
Silica. 
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activity and chemical affinity towards rubbers, it is necessary to modify their 
surfaces. In our investigations, we used alkoxysilane adhesion promoters. We 
found that cement dusts undergo the influence of these silanes only slightly, so 
we mixed them with silica which can be modified by the silanes very easily. When 
choosing the appropriate silica, we took into account particle sizes, so that 
the difference between the dust ones and the silica ones would be the smallest. 
For this reason, we used the post-HF silica, which is the waste silica from the 
HF production. Figure 3 confirms the similarity of the particle sizes and shows 
that the dust and the silica were as thoroughly mixed as possible. 


Cement dusts are characterized by a low, slightly about 30% whiteness de- 
gree. Silica, also, because of its impurities, e.g. AlF3, CaF2, obtained during 
the production process, has a low, ca 70%, whiteness degree. 


The bulk density of cement dusts is high, over 600 g/dm3 , while that of sil- 
ica is lower and amounts to about 250 g/dm3. The high values of bulk densities 
are the result of considerably larger particle sizes which are, on the average, 
80-100 nm and 100-150 nm for the silica and the dust, respectively. They are 
also the result, as can be seen in the photographs, of badly developed external 
surfaces. 


The water and the dibutyl pthalate absorbing capacity is very low for both 
the cement dust and the waste silica. In terms of the dust, the water absorbing 
capacity can not be measured because of the cement setting. The dibutyl pthalate 
absorbing capacity of the dust and of the silica are 62 g/100g and 90 g/100g, 
respectively. It must be said here that the dibutyl pthalate absorbing capacity 
values for the generally used silica and slicate fillers, in most cases exceed 
200 g/100g and 300 g/100g. The very low dibutyl pthalate absorbing capacities 
prove once more the necessity of modification by the use of substances which in- 
crease the chemical affinity towards hydrocarbon chains of a rubber. 


The hydrophobic properties of the investigated preparations can be calcu- 
lated from the heat of the immersion results obtained by the KRM differential 
calorimeter method. The above data show that the water immersion heats 
decrease and the benzene immersion heats increase, when the dust and the 
Silica surfaces are immersed in the A-189 mercaptosilane, as shown in Table 4. 
It must be stressed that the modified cement dusts, contrary to the silica, 
change their water and benzene immersion heats only slightly, which can 
be explained by a very weak interaction between silanes and the surface groups 
of cement dusts. Although the A-1100 aminosilane modification of the surfaces 


causes an increase of the water immersion heat, the benzene immersion 
heat is close to that of a surface modified by the use of A-189 silane. 
The increase of the water immersion heat is caused by the creation of 


hydrogen bonds between amine groups of the introduced silane and water molecules. 


The low immersion heat values of cement dust surfaces, even after their 
modification by the use of silanes, show the passive character of this rubber 
filler and confirms the proper usage of the waste silica together with the dust, 
as the rubber compound fillers. While introducing the waste cement dust and 
post-HF silica into the examined rubbers and mixing them on mixing rolls, no 
anomaly was observed. 


The physico-mechanical properties of the vulcanizates, first of all, depend 
on the size of the dust and the silica particles, as well as the specific sur- 
faces and the bulk densities of the dust and the silica. The character of a 
surface also exerts a considerable influence. Chemical affinity, and what comes 
out of it, strength parameters, depend to a great degree upon the hydrophobic 
properties. In the Ker 1500 butadiene-styrene rubber vulcanizates, using an 
appropriate modification and a constant of 50 parts by weight, contents of a 
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filler, the following average tensile strengths were obtained: 
Kind of Filler 


Rubber industry limit 

Ker 1500 rubber without fillers (with all the 
other components ) 

Non-modified cement dust 

Cement dust + 2 parts by weight of A-1100 

Cement dust + post-HF silica (3:1) 

Cement dust + post-HF silica (1:1) 

Cement dust + post-HF silica (1:1) + 3 parts 
by weight of A-189 

Cement dust + PM-75 carbon black (1:1) 


The above data prove the advantage of the last two systems which can, to a cer- 
tain extent, eliminate carbon black. 





Conclusions 


The investigations proved that cement dust can be a cheap, low-active fil- 
ler and can be recommended, partly, as a substitute for commercial carbon black 
and silica in the recipe for the Ker 1500 butadiene-styrene rubber compounds. 


The system consisting of 25 parts by weight of the post-HF silica and 25 
parts by weight of the dust modified, in terms of the butadiene-styrene rubbers, 
by A-189 mercaptosilane, or even a better one consisting of 25 parts by weight 
of the dust and 25 parts by weight of commercial carbon black, can be proposed. 
The later one allows eliminating the high energy-consuming carbon black by up 
to 50%. 


Apart from the satisfying results of tensile strengths and modulus, the 
above investigations proved nearly the same values of tension set for both sam- 
ples and only slight increase of their elasticity. 
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ABSTRACT 
Cement matrices were prepared by autoclaving portland cement-silica 
mixtures having various percentages by weight of silica, with water- 
to-cement ratios of from 0.22 to 0.45. Normal cement paste samples 
were also made for comparison. Samples were heated to 100°C in vacuum 
for 24 h before impregnation with methyl methacrylate monomer (MMA), 
which was then polymerized; impregnation was repeated for complete 
impregnation. 

Young's modulus and microhardness were measured as a function of 
volume fraction of PMMA and results compared with those obtained from 
similar samples conditioned to 11% RH. 

Autoclaved impregnated and unimpregnated specimens and room- 
temperature-cured cement paste specimens at both conditions were 
exposed to 100% RH and their length changes measured for up to four 
years. 

Permeation to water vapour in the impregnated specimens, although 
decreased, still occurs and impregnation increased long-term expansion 
on exposure. Expansion on exposure to 100% RH is much larger for D- 
dried than for 11% RH-conditioned matrices; the latter produced 
stronger bodies on impregnation. 


Introduction 





The mechanical property values of porous cement systems can be 
increased by several hundred percent by impregnation. Impregnation also 
results in large decreases in water permeability (1-3). Earlier work with 
sulphur as an impregnant showed that these large increases can be accounted 
for using equations based on a Reuss’ mixing rule (4). However, exposure of 
some sulphur-impregnated matrices, especially those with high surface areas, 
to 100% RH results in dimensional changes, often leading to destruction and 
extrusion of sulphur (5). 


Studies on cement-based matrices impregnated with methyl methacrylate 
(MMA) have shown that increases in microhardness over the unimpregnated state 
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are greater than for those with sulphur, for the same volume fraction of 
impregnant (6). These studies indicated that polymethyl methacrylate (PMMA) 
in micro-pores forms a better bond with the matrix than sulphur and that the 
properties of PMMA in the micro-pores of cement paste are different from those 
for PMMA in large pores. The rate of expansion of MMA-impregnated cement 
systems exposed to 100% RH might, therefore, be significantly different than 
the rate of expansion of sulphur-impregnated cement systems. It has been 
observed that MMA-impregnated porous glass, when exposed to 100% RH, remains 
stable, although some expansion does occur, and this may be partly due to 
gradual absorption of water by the polymers (7). 


This work is a continuation of the study on MMA-impregnated porous 
glass. The extent to which water can enter (on long-time exposure) cement 
systems impregnated with MMA, and the factors controlling their durability, 
are determined. Autoclaved cement~silica mixtures were selected to obtain 
matrices having a wide range of properties. For example, varying silica 
content from 0 to 65% by weight gives hydration products having significantly 
different pore structure, density, and chemical composition. Properties of D- 
dried MMA-impregnated cement systems are compared with similar systems 
conditioned only to 11% RH before impregnation. (At 11% RH many of the 
interlayer positions in the cement hydrate are occupied by water.) These 
comparisons are based on the mechanical properties of the composites and the 
length-change response on exposure to 100% RH. 


Experimental 





Specimens used were thin discs, 32 mm in diameter and 1.3 mm thick, in 
order to facilitate complete and homogeneous impregnation. Samples used were 
the same type used in previous work (8): a series of 36 autoclaved (216°C, 


2.04 MPa) portland cement-silica mixtures, having 5, 10, 20, 30, 50 and 65% by 
weight of silica, were prepared with water-to-cement ratios of 0.22, 0.26, 
0.30, 0.35, 0.40 and 0.45. Samples of cement paste, prepared at water-to- 
cement ratios of 0.45, 0.70 and 1.10 and hydrated at room temperature for 
eight years, were also used. All samples were heated in vacuum for 24 h at 
100°C before impregnation. 


Methods 


Porosity Determination 

Porosity was determined before and after impregnation by measuring solid 
volume by helium comparison pycnometry, as described previously (4). The 
apparent volume was determined by weighing in methanol, samples saturated with 
methanol. 


Mechanical Properties 

Young's modulus and microhardness of the samples were determined before 
and after impregnation, using techniques described in reference 4. The 
modulus values given are average values for five discs, and the hardness 
values are the average of ten measurements made on each of three discs. 


Impregnation 
Discs conditioned in vacuum at 100°C for 24 h were vacuum-saturated with 


methyl methacrylate monomer in a vacuum vessel; specimens were contained in a 
metal basket. After saturation the samples were raised above the excess 
monomer and, in the presence of its vapour, exposed to cobalt radiation 

(41.7 rad/s) for 17 h. After the mechanical properties and porosity were 
measured, the samples were re~impregnated and re-exposed to the radiation (6) 
to reduce porosity due to shrinkage occurring during polymerization. 


Exposure to 100% RH 
Thirty by ten millimetre prisms were cut from the discs, both before and 














Vol. 14,-No. 6 787 
POLYMER IMPREGNATION, CEMENTS, AUTOCLAVING, DIMENSIONAL STABILITY 







after impregnation, and used for length-change measurements; they were mounted 
on 25-mm gauge length extensometers with sensitivity of 1 x 107% mm/25 om. 
These systems were enclosed in vacuum chambers and exposed to 100% RH. 
Although autoclaved specimens were prepared at several w/s ratios, only those 
specimens prepared at w/s of 0.45 and the room-temperature-cured paste at w/c 
of 0.70 were selected for exposure to 100% RH (5). The w/c = 0.70 specimen 
was used since it has a porosity similar to the autoclaved specimens at w/c of 
0.45. 











Results 






Mechanical Properties 

As in the previous paper (samples preconditioned at 11% RH), modulus of 
elasticity and microhardness of the D-dried samples were plotted against the 
volume fraction of polymer (6). The regression lines are shown in Figs. 1 
and 2. The volume fraction of polymer is derived from the initial porosity 
minus the residual porosity; most of the residual porosities are less than one 
percent. 
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Microhardness vs volume fraction 
of PMMA for autoclaved cement- 
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Although the modulus of elasticity, and microhardness vs polymer volume 
fraction curves for D-dried and 11% RH-conditioned specimens show similar 

trends, (i.e., the relative position of the curves with respect to each silica 
content is similar) the values at any volume fraction of polymer for a given 
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silica content are generally about 20% less for D-dried specimens than for the 
specimens conditioned at 11% RH. The maximum ratio of modulus of elasticity 
of impregnated samples to that of unimpregnated, for D-dried specimens, is 2.5 
as compared to 3.5 for specimens conditioned at 11% RH; corresponding ratios 
for microhardness are 5.5 and 7.5. 

The data for Young's modulus and microhardness grouped in water/solids 
ratios are plotted against the original silica content of the mix (Figs. 3A 
and 3B). As was observed in earlier work with samples conditioned at 11% RH, 
the maximum values of Young's modulus for D-dried specimens are at the low- 
silica end of the curves (6). In the case of microhardness there is a maximum 
at 20% silica content for most ratios. 
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Length Change on Exposure to 100% RH 

The results for unimpregnated specimens conditioned at 11% RH are 
presented in Fig. 4. The rate of expansion for most of the unimpregnated 
specimens decreased considerably after one-day exposure and is lowest for the 
5 and 10% silica preparation. 


For the impregnated samples conditioned at 11% RH prior to 
impregnation, (Fig. 5) the rate of expansion is lower than for the 
unimpregnated bodies for all the specimens up to a maximum of about seven 
days; after 75 days exposure the impregnated samples have all expanded more 
than twice the amount of the unimpregnated specimens. The expansion continued 
in the period measured from 100 to 1450 days without termination. It is 
greatest for the roomtemperature paste. The amount of expansion 
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approximately conforms to observations made for sulphur~impregnated bodies, 
where higher surface-area materials had greater expansion (5). 


The results for exposure of the D-dried specimens to 100% RH are 
presented in Fig. 6 (unimpregnated) and Fig. 7 (impregnated). The 
unimpregnated samples were all still expanding at 1450 days, even though the 
rate of expansion decreased with time throughout. The expansion was greatest 
for the 0.70 w/c paste and least for the 5 and 10% SiO, preparations; the 
expansion for most of the preparations is about four times that of the 
specimens conditioned to 11% RH. 


The D-dried impregnated specimens show similar characteristics to those 
conditioned at 11% RH in that they exceeded the expansion of the unimpregnated 
specimens at 3-11 days exposure. After 920 days of exposure they all exceeded 
the values of the unimpregnated specimens by about 40 to 100% and the rate of 
expansion at the termination of measurement was considerably in excess of 
those for the unimpregnated bodies. It was also slightly greater than the 
rate for the impregnated specimens conditioned at 11% RH in the period between 
200 and 1000 days of exposure. 
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All the autoclaved cement-silica specimens conformed approximately to 
the observation that the greater the specific surface area of the matrix 
material, the greater the expansion on exposure to water vapour. 


A comparison of length-change results on exposure to 100% RH for the 
0.70 w/c paste specimens with four different treatments is presented in 
Fig. 8. The increased length change due to D-drying, as opposed to 
conditioning at 11% RH, is evident. Expansion of impregnated samples is 
greater than that of unimpregnated samples after 20 days. 


Discussion 


D-dried portland cement systems containing polymerized MMA have 
greatly-increased mechanical properties. These increases, however, are not as 
high as those for systems pre-dried to only 11% RH prior to impregnation; in 
that case, they are probably partly due to the presence of interlayer water. 
This factor may not be as important with regard to durability as the increased 
shrinkage of D-dried bodies during drying over the 11% RH condition or as the 
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resultant larger expansion of D-dried bodies that may occur when the 
impregnated body is exposed to high humidities. It is clear that impregnation 
does not completely seal the pores from water vapour; not only does the water 
vapour re-enter the pores and adsorb on some of the cement matrix interface, 
as was shown previously for porous glass (7), but it also re-enters the 
vacated interlayer spaces of the D-dried specimen. This is apparent from the 
magnitude of the expansion. However, the expansion is somewhat retarded by 
the presence of polymerized MMA in the pores. This result also suggests that 
little MMA enters the interlayer spaces in the time available before 
polymerization. 


The expansion of the impregnated D-dried and 11% RH-conditioned 
specimens is considerably greater than of similar specimens not impregnated. 
The rate of expansion after 100 days exposure is of the same order as a normal 
creep rate for cement paste. Beyond ten days exposure, some of the expansion 
may be due to creep of the matrix brought on by pressure created within the 
pores by swelling of polymerized MMA due to absorption of water. This 
explanation is supported by the observation that in this region the expansion 
increases with surface area of the matrix, which generally increases with 


silica content (5). 


The difference between sulphur-impregnated and MMA-impregnated cement 
systems (where the sulphur-impregnated matrices of larger surface areas are 
totally destroyed on exposure to water vapour) is in the interaction between 
the impregnant and the matrix. In the case of the MMA as impregnant, an 
interaction seems to occur with the matrix at the interface, although it is 
not clear whether it is chemical or purely physical (9); PMMA acts as a good 
stress modifier and reinforces the matrix, despite the fact that it provides 
the forces which cause the matrix to creep. 


The above phenomena will undoubtedly take place in impregnated 
concrete, although slowly. The specimens used in this study were thin (about 
1 mm) and measurements were carried out over a period of four years. In 
sulphur-impregnated systems, paste was destroyed in 24 hours and concrete in a 
few years (5). The present study would indicate that polymer-impregnated 
concrete will probably not be destroyed even over long periods of exposure. 
However, it would be beneficial to avoid the extreme D-drying that normally is 
done prior to impregnation. 


Conclusions 
1. PMMA-impregnated cement matrices have improved mechanical properties 


over unimpregnated material. 
2. Permeability to water vapour is decreased by impregnation but water can 
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still permeate the body at a slower rate. 
Water vapour enters both the pores and the layered structure of the C-S-H 


material after impregnation. 
Expansion on exposure to 100% RH is larger for D-dried matrices than for 
matrices conditioned at 11% RH before impregnation. 
Expansion on exposure to 100% RH is increased by impregnation for both D- 


dried and 11% RH-conditioned material. 
Stresses in the pores of impregnated material are caused by absorption of 


water in PMMA in the pores. This appears to cause long-term creep 


expansion. 
Concrete conditioned to 11% RH can be successfully impregnated and is more 


stable to water exposure than the D-dried material. 
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ABSTRACT 
An improvement of the double-power law for creep at constant 
temperature and moisture content is proposed. Comparisons with 
available test data indicate that the final slopes of long-term 
creep curves, as indicated by the double-power law, are pre- 
dominantly on the high side. This is remedied by introducing 
a transition to a straight line in the logarithmic scale of load 
duration. The strain at the transition as well as the slope of 
the straight line are the same for all ages at loading. The 
strain and the slope at the transition point are continuous, 
while the curvature is discontinuous. The new law is also found 
to significantly limit the occurrence of divergence of the creep 
curves and of negative values at the ends of the relaxation 

curves calculated by the superposition principle. Extensive 

statistical comparisons with test data from the literature justify 
the proposed law. 

















Introduction 








Although the double-power law [2,3] provides a relatively good descrip- 
tion of the existing test data and the creep of concrete at constant tempera- 
ture and water content, called the basic creep, one can detect some deviations 
which seem to be systematic rather than random. In particular, the final 
slope of the curves of strain versus the logarithm of load duration appears to 
be somewhat too steep when long-term tests are considered. This study exam- 
ines whether this can be remedied by introducing a transition to a logarithmic 
law for long times. 









Review of Double-Power Law 









The basic creep of concrete may be relatively well described by the 
double-power law [1,2,3,7]: 









Jtt,t*) = z+ (cr te ad(t - t')® (1) 
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in which J(t,t') is the compliance function (also called the creep function), 
which represents the strain at age t caused by a unit uniaxial constant 
stress acting since age t'; Eg is the asymptotic modulus, which may be visu- 
alized as the left-hand side asymptotic value of the curve of J(t,t') versus 
log(t -t'), and n,m, a, and $,] are material parameters. Their typical values 
are n = 1/8, m= 1/3, and if t and t" are in days then a = 0.05 and $) = 3 
to 6. Also, Eg = 1.5E28 where Eog is the conventional elastic modulus at age 
28 days. Since (t -t')" = exp[n 1ln(t-t"')], the plots of J(t,t') versus 
log(t -t") at constant t' have the shape of exponentials. 


Eq. 1 has a remarkably broad range of applicability. It yields accep- 
table values for ages at loading from about 1 day to many years, and for load 
durations from 1 second to several decades. It also yields acceptable compli- 
ance values for rapidly (dynamically) applied loads, and the dynamic modulus 
is approximately obtained from Eq. 1 as the value of 1/J(t'+A,t') for A~1077 
day, whereas the conventional (static) elastic modulus is obtained as the 
value of 1/J(t'+A,t"') for A = 0.1 day [24]. Since four parameters, namely 
Eo, ¢], m and a are required to describe the age dependence of the elastic 
modulus we see that only one additional parameter, n, is needed to describe all 
creep. 


Extensive statistical regression analyses of practically all test data 
available in the literature revealed that the double-power law exhibits, on 
the whole, smaller errors than other formulas for concrete creep proposed 
before [4,5,6,1,2,3,7]. The power function of load duration t-t', involved 
in Eq. 1, was first introduced by Straub [8] and Shank [25]. Wittmann et al. 
[12] gave supporting arguments for the power function based on the activation 
energy theory, and Cinlar, BazZant and Osman [26] gave other supporting argu- 


ments based on a certain reasonable hypothesis for the stochastic nature of 
the physical mechanism of creep. Others, e.g. Branson [9,10], introduced a 
power function of age t'. 


It has often been commented that a power function of t-t"' predicts too 
much creep for longer durations, exceeding 1 month. These critical comments 
were, however, incorrect since they resulted from using the power function to 
describe only that part of the creep strain that is in addition to the con- 
ventional short-time strain, approximately the strain for load duration 0.1 
day [2]. With this approach, the horizontal asymptotic value in Fig. 1 is 
obtained too high, and in order to fit the test data for medium load dura- 
tions (1 day to 30 days) one needs to introduce a relatively high curvature 
by using a high value for exponent n, about n= 1/3. This then ineyitably 
causes the power curve to shoot above the data points for longer load dura- 
tions. Recently it has been discovered [2], however, that the applicability 
range becomes much broader if the power function is used to describe the 
entire creep strain including that which occurs for very short load durations 
(from 107~© second to 0.1 day). This represents a fundamental difference from 
the earlier use of the power function, and invalidates the aforementioned 
critical comments. Since the left-hand asymptote (given by 1/E,9) is much 
lower than considered in the classical studies (Fig. 1), exponent n required 
to fit the creep data between 1 and 30 day durations is much smaller, roughly 
1/8. This then causes that the power curve has a much smaller positive cur- 
vature in the log-time plot, and thus does not overshoot the test data for 
long creep durations. (There remains, however, an overshoot for very long 
creep durations, and that is what we try to improve here.) 


Note also that another advantage of including the entire creep strain in 
the power law is that 1/Epg can be considered age-independent, while the ear- 
lier approach in which only the creep strain after approximately 0.1 day was 
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described by the power function, required considering an age-dependent elastic 
modulus E(t'). 


Although the double-power law is intended to describe only the basic creep 
it may be used as an approximation for creep in drying environment provided 
the cross section is relatively massive, with a thickness over about 30 cm. 
For such cross sections, the average creep deformation in the cross section is 
closer to that of a sealed cylinder than to that of a standard six-inch 
cylinder exposed to a drying environment. 


Proposed Formulation 





When the compliance values J(t,t') are plotted against log(t -t') for 
various constant values of h at constant t', it is found that for longer 
durations (over several years) the double-power law yields in most cases pre- 
dictions that are somewhat on the high side. Especially, the final slope ap- 
pears to be in most cases higher than the measured one (Fig. 1). A remedy can 
be achieved by introducing a transition to straight lines in the log-time 
scale at a certain creep duration oF. This may be accomplished by the follow- 
ing formulas 


Jt") * (co +a)(t- t')” for t=t* < 8, (double-power law) 


1 + $y 
E 





26. (log-law) (2) 
0 L 
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in which Q ( PL ie (3) 
in whic = e 
Lb \O)(e"™ + 2) 


According to these formulas, which may be called the Double-Power Loga- 
rithmic Law, the slope at the transition times 6; (in log-time scale) is the 
same for all ages t' at loading, and the value of J(t,t') at which the transi- 
tion occurs is also the same. So, the ranges of validity of the double-power 
law and of the logarithmic law are separated by a horizontal line (see Fig. 
2b); for longer t' the transition occurs at longer creep duration. For very 
high ages at loading, the double-power law is valid throughout the entire 
lifetime. 


Divergence of Creep Curves 





If the principle of superposition is used, as a crude approximation, to 
calculate the creep recovery curves from the creep curves for various ages at 
loading, the recovery curves can be either monotonic, with a monotonic decay 
to an asymptotic value, or nonmonotonic, with a minimum followed by a mono- 
tonic rise up to a certain asymptotic value. Nonmonotonic recovery curves are 
thermodynamically impossible for a non-aging material, however, they are 
thermodynamically admissible in case of aging [11,30]. With some exceptions, 
which might be due to statistical scatter or the effect of drying, most test 
data show a monotonic decay [11,12,31]. Thus, although recovery cannot in 
fact be accurately predicted using the linear principle of superposition [12], 
it seems preferable to use compliance functions that cannot yield nonmonotonic 
recovery curves upon superposition. This condition is verified when, for the 
same age t, the creep curve for a higher age at loading t' has a higher slope, 


i.e. a[os(t,t')/at]/at' 20 or [11] 


373(t,t') 
Re he Me 
otot' ai (4) 


It may be readily verified that the logarithmic law in Eq. 2 never vio- 
lates the inequality in Eq. 4 (Fig. 2a). On the other hand, the double-power 
law (Eq. 2) violates this inequality beginning with a certain creep duration. 
It is possible to always satisfy with Eq. 2 the inequality in Eq. 4 if the 
following condition is verified 


1 -ny2 
* ‘ ¢, Ce } (5) 
max 
in which 
m-n “ 
f = Max|t' 0 atts) (6) 
max . 


Comparison With Test Data 





Same as the double-power law, Eq. 2 should be applied only to creep at 
constant water content, called the basic creep. Only under such conditions 
the creep represents a constitutive property of the material. The creep 
observed on drying specimens is not a constitutive property but an average 
property of the specimen as a whole, since the drying causes in the specimen 
a highly nonuniform distribution of water content and of stress, produces 
microcracking, and leads to great differences in creep at various points. An 
empirical description of the mean creep of drying specimens requires, there- 
fore, much more complicated formulas. 


Eq. 2 has six material parameters, Ep, n, m, a, $9, $;, which have to be 
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determined from test data. Similarly to previous works [2,3], this may be 
accomplished by minimizing the sum of squared deviations A of Eq. 2 from the 
given data. When all six material parameters are considered as unknown, the 
optimization problem is a nonlinear one. The optimum fits have been obtained 
by Marquardt-Levenberg algorithm, for which an efficient library subroutine 
exists. The test data used in optimization have been extracted from a com- 
puterized data bank set up at Northwestern University. Since most experimen- 
talists did not take their readings at times uniformly spaced in the loga- 
rithmic time scale, the raw data as reported are biased in that some readings 
are crowded at certain times and others are too sparse. For this reason, the 
test data from the literature have been smoothed visually by hand. At the 
same time, the hand smoothing approximately achieves elimination of the meas- 
urement error, which needs to be done since structures do not feel this error. 
The hand-smoothed curves were characterized by data points placed at regular 
intervals in the log(t-t') scale, using two points per decade. 


The deviations of Eq. 2 from test data have been characterized by the 
coefficient of variation defined [3,7, 31] as: 


N L n + 
) w?) a" _ = - : - (7) 
j=l J $ f= P 


in which Jy; (i=1,...,n) are the characteristic points of the data set number 
j @laced at regular spacing in log-time scale) on the creep curves reported in 
the data set; n = number of all data points on all curves within the data set, 
Ay 4=vertical deviations of Eq. 2 from these data points, J;= mean ordinate of 
alt data points from the data set number j, w; = coefficient of variation for 


data set number j, w = the overall coefficient of variation for all data sets 
combined (j = 1,...,N). 

Fig. 3 shows the optimum fits of the data sets reported in Refs. 15, 16, 
17, 18, 19, 20, 21 and 23. For comparison, Fig. 3 shows the optimal fits 
previously achieved with the double-power law [2,3]. The coefficients of 
variation are summarized in Table la. The overall coefficient of variation 
for the fits by the double-power law is © = 5.45% [2], and for the present 
Eq. 2 we achieve w = 3.9%. We see that some improvement is achieved by Eq. 2. 


More importantly, we may note that the final slopes achieved with Eq. 2 
are better. This is important for extrapolation to longer times. Therefore, 
we determine for all creep curves the final slope, which we draw graphically 
as illustrated in Fig. 3 by the dashed lines, and we compare these experi- 
mental slopes with the value of 3J(t,t')/dlog(t-t') according to Eq. 2 for 
the last sampling time of each curve. The combined coefficient of variation 
for the deviations from the measured final slopes for all data tests, we, is 
found to be 34% for the optimum fits by the double-power law, and 29% for 
Eq. 2; see Fig. 3 and Table 1b. Thus, we see that the present formulation 
achieves an appreciable improvement in the representation of the final slopes 
of the creep curves, and therefore also in the extrapolation to longer times. 


The foregoing fits of test data (Fig. 3) have been obtained without the 
nondivergence restriction (Eqs. 4-6). If this restriction is imposed in 
data fitting, the optimum fits must obviously get worse. Such fits are shown 
in Fig. 4, and the corresponding coefficient of variation for all data sets 
is found to be W = 5.54%, while for the double-power law it is w = 5.45%. 
Although here there is no improvement, one finds now a significant improve- 
ment for the final slopes of creep curves, as is shown in Fig. 4, in which 


case Wr = 22%, as compared to We = 34% for the double-power law. 
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Due to the nonlinearity of the optimization problem, it is hard to carry 
out a more refined statistical analysis which would indicate the increase of 
error as a function of the distance from the centroid of measured data. To 
obtain information on this aspect, it is necessary to linearize Eq. 2 so that 
linear regression statistics can be applied. For this purpose we may intro- 
duce the notations 


y=EjJ(t,t')-1, x= o,(t" +a)(t-t')” for (t-t') 


ok ' 
(n+1)9, ln = E for (t-t') 
L 


This allows writing Eq. 2 as y = co + c,x, in which cp and c, are coefficients 
to be found by linear regression analysis. Variable y may be regarded as 

the creep coefficient relative to instantaneous value 1/E). If Eq. 2 repre- 
sented the test data perfectly, then cj would be 1 and cp would be 0. The 
deviations of c,; from 1 and of cg from 0 characterize the errors. Statisti- 
cal regression analysis yields not only the mean values of c; and co, but 

also their coefficients of variation, as well as the confidence intervals for 


the values of y and for the mean of y. 


Using the material parameters found before, the test data from the lit- 
erature, used in Fig. 3, can be all plotted in one regression diagram; see 
Fig. 5. The regression line is shown as a solid line. Furthermore, the 
hyperbolas representing the 95% confidence intervals, are shown as the dashed 
lines. We may note the widening of the confidence interval with the dis- 
tance from the centroid of the test data. The values of c) and cg found from 
the linear regression analysis may be interpreted as corrections to the 
values of ¢; and of 1/E,. Comparing the statistical regressions in Figs. 5a 
and 5b for the present formulation and the double-power law, we again see 
very little difference. As we already showed, an appreciable improvement is 
achieved only in the final slopes to which the linear regression does not 


apply. 








Double-Power Log Law 
Double Power Law 


95 % confidence limite — 
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FIG. 5 
Regression Plots for Double-Power Logarithmic Law and Double-Power Law. 
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Prediction of Creep 





The capability of close fitting the available test data is an indication 
of the correctness of the mathematical formula for creep. It is, however, an- 
other matter to predict creep of a given concrete if no measurements were 
taken. The prediction is notoriously far more uncertain. Due to the very 
large uncertainty in predicting the parameters Ej,m,n,a, $ and $, from con- 
crete strength and composition, hardly any improvement can be achieved with 
the present formulation (Eq. 2) compared to the double-power law, and there- 
fore the prediction formulas in Eqs. 16,17,18,15 and 19 from Ref. 3 (or 
Eqs. 9a-9e from Ref. 7) are recommended to be also used with the present 
formulation. An additional formula is needed for parameter ¢,, for which 
the following expression may be recommended 


re at 
% * T33-0.06 i (9) 





with ~ in ksi (1 ksi =6.895 MPa); see Fig. 6. This equation does not guar- 
antee nondivergence, in general. Nevertheless, the increase in the separation 
of any two adjacent creep curves for adjacent ages at loading is quite small, 
much smaller than that obtained with the double-power law. 


Table 1 shows the coefficient of variation for all data sets and Fig. 7 
gives the predictions of creep curves. When all parameters are predicted (for 
the concretes considered) on the basis of the aforementioned formulas, w is 
21.3%, as compared to 24.1% for the double-power law. We see that the predic- 
tion of final slope is greatly improved by double-power logarithmic law. For 
final slopes of creep curves, as shown in Table 1b, » =34% as compared with 


61% for double-power law! 


As has been shown before, the predictions of creep are drastically im- 
proved if the initial elastic value of deformation is measured. From such an 
initial value, one can determine one material parameter, E). The uncertainty 
of predicting creep when the initial elastic deformation is known may be il- 
lustrated by comparing the formula predictions obtained for these data under 
the condition that the value of E, is optimized. Such statistical compari- 
sons are shown in Table l. 


Stress Relaxation Predictions 





Unlike creep recovery, the stress relaxation at constant strain may be 
rather closely predicted on the basis of the principle of superposition. This 
is confirmed by relaxation measurements, although measurements of very long 





¥, /e= 1.53-0.06 f, 
45 








1 1 


EY 
I, (ksi) 





FIG. 6 
>,/%;, Versus the 28 Day Cylinder Strength f}. (1. Dworshak Dam, 2. Canyon 
Ferry Dam, 3. Shasta Dam, 4. Gamble and Thomass, 5. Ross Dam, 6. L'Hermite 
et al., 7. Rostasy et al., 8. Wylfa Vessel). 
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TABLE 1. Coefficient of Variation for Test Data 





TABLE la. 





For sampling points (in percent) 









Optimum Fits Prediction Formula 























j| data set —eee_ 1 DPL [3] DPL [2] DPLL DPLL*|DPL [3] DPLL DPLL** 
1| Canyon Ferry Dam [15,16]| 4.60 5.58 5.70 4.20] 39.6 29.8 6.20 
21 Ross Dam [15,16]| 3.50 7.00 6.10 3.09] 27.7 28.6 16.5 

3| Dworshak Dam [17]] 5.46 5.63 4.80 2.90] 21.2 17.8 11.1 

4] Rostasy et al. [ot 3.00 1.20 1.70 1.22]. 5.10 4.50 -3:50 
5 | L'Hermite et al. (163) 4290 6.28 6.1L 6.10) 25.2 22:5: 7.30 
6| Shasta Dam [15,16]} 4.10 5.37 5.90 4.90] 13.6 13.2 8.80 
7] Wylfa Vessel [19,20,21]} 4.14 4.15 8.30 4.00] 21.0 22.4 9.50 
8 | Gamble-Thomass [23] 2.82 6.20 3.10 2.96 - - - 
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TABLE 1b. Final Slopes 











































































Optimum Fits a Optimum Fits loins cic 

Formulas Formulas 
et ‘it DPL[2] DPLL DPLL* DPL[3] DPLL — i DPL[2] DPLL DPLL* DPL[3] DPLL 
oe Sy Ay, Ay, Ap Ar, Ay By Bg Rage a 
2 0.38 0.0 0.0 1.20 0.08 7 | 0.04 0.41 0.35 0.54 0.20 
7 0.17 0.30 0.20 0.85 0.0 |, 28 | 0.17 0.32 0.17 0.50 0.05 
i = 0.0 0.30 0.30 0.0 0.0 90 | 0.17 0.0 0.0 0.25 0.20 
90 0.40 0.45 0,40 0.10 0.10 730 | 0.60 0.53 0.50 0.60 0.60 
2 0.70 0.0 0.0 1.00 0.0 6 91 0.0 0.0 Qsi2 0.08: O40 
: 0.0 A Bel wee 0.08 365 | 0.0 0.24 0.0 0.10 0.10 
> 28 << eke oe: On 2645 | 0.50 0.15 0.25 0.10 0.10 
90 0.50 0.30 0.05 0.50 0.50 7 | 0.39 0.30 0.35 0.20 0.56 
365 | 0.60 0.40 0.0 0.40 0.40 , 60] 0.17 0.25 0.17 0.40 0.43 
1 0.60 0.0 0.0 1.64 0.62 400 | 0.05 0.41 0.05 0.30 0.20 
3 0.05 0.31 0.0 1.00 0.30 4560 | 0.29 0.15 0.35 0.15 0.15 
72.) See Oe ee eee ee 21 0.20 0-14 0.05 1.0 0.70 
28 0.0 0.220.0 @6@ 0.0 ae ae 

90 0.50 0.10 0.50 0.30 0.30] 8 ie : : 
: ; : ‘ ’ 17 | 0.0 0.10 0.05 0.60 0.60 
4 28 6.25 0.0 0.60 6.1 0.08 40 | 0.28 0.24 0.20 0.15 0.15 
af 0.34 0.29 0.22 0.61 0.34 

















Ap» Az, are normalized errors of final slopes for curves of double-power 
law (kp) and Double-Power Logarithmic Law (ky) in comparisons with the 
final slopes of test data (k) and defined as IKp/,. - 1|, IKL/, - 1], 
respectively. 
* Double-Power 
**Double-Power 
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Logarithmic Law without the nondivergence restriction. 
Logarithmic Law with optimum Ep. 
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durations (over 10 years) are lacking. It has been noted before that, for 
small ages at the instant of initial straining, the stress relaxation curves 
cross into negative stress values at very long times (over 10 years) when they 
are calculated by the principle of superposition from the double-power law. 
The same thing happens when the calculation is done by the principle of super- 
position directly from certain measured creep curves. From the thermodynamic 
viewpoint [30], there exists no fundamental prohibition against such negative 
values when one deals with an aging material. Nevertheless, it is not clear 
whether the negative values at the end of early-age relaxation curves are not 
caused merely by the choice of the creep formula or by an experimental error 
in creep measurements. 


To examine this aspect, the creep data for Dworshak Dam [17] and for 
Canyon Ferry Dam [15,16] were optimally fitted by the double-power law and by 
the present formulation (Eq. 2), and for both cases the stress relaxation 
curves were calculated on the basis of the superposition principle using a 
highly accurate step-by-step algorithm [13,14]. The results of the calcula- 
tion are shown in Fig. 8 by the solid curves for the present formulation and 
by the dashed curves for the double-power law. We see that the present formu- 
lation limits the occurrence of negative stress values at the end of early- 
age relaxation curves, which seems to be a desirable feature. 


Conclusions 


1. The double-power law yields for the creep curves plotted in log-time 
final slopes that are predominantly on the high side when compared with long- 
time measurements. This may be remedied by a creep law which exhibits a 
transition from the double-power law to a straight line in the logarithmic 
scale of creep duration at a certain transition time. The straight line has 
the same slope for all ages at loading and the transition occurs later for 
an older concrete. 


2. The aforementioned improvement in the representation of the final 
slope of the creep curves should allow a better extrapolation of creep data 


into very long times. 





(a) (b) 
Dworshak Dam,1968 ~ Canyon Ferry Dam,1958 





—— Double-Power Log Law —— Double-Power Log Law 
- Double Power Law ---- Double Power Law 
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Comparisons of Stress Relaxation Predictions for Dworshak Dam [17] and 
Canyon Ferry Dam [15,16]. 
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3. The new formulation reduces the occurrence of divergence of creep 
curves. Although the divergence could be eliminated, for certain values of 
material parameters, completely, the representation of existing test data 
would be impaired. 


4. The new law also greatly reduces the possibility that the relaxation 
curves calculated on the basis of the superposition principle would cross at 
very long times into negative values. 
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Differential scanning calorimetry (DSC) of wet 
materials in the temperature range between + 20 


non 


= 


- 60°C is a sensitive tool to investigate phase 
tions and supercooling of pore water. Storage of 
hydrated cement paste (hep) in water containing 5 
chloride at an age of 8 months after freeze drying 
leads to an increase of the enthalpy change between 
- 10°C and - 25°C (phase transition of free water in 
capillary pores with r, > 10 nm) and to a strong re- 
duction of the enthalpy change between - 43°C and - 5 
(phase transition of water in the medium gel pores 

3 nm <r, < 10 nm) in comparison to hep without addi 


ZUSAMMENFASSUNG 
Mit der Differential-Scanning-Kalorimetrie (DSC) kénnen 
in feuchten, pordsen Stoffen im Temperaturbereich zwischen 
+ 20°C und - 60°C Phasentibergange und Unterktihlungseffekte 
von Porenwasser auf empfindliche Weise nachgewiesen wer- 
den. Die Lagerung von 8 Monate alten, gefriergetrockneten 
Zementsteinproben in 5%iger Chloridldsung flihrte zu einer 
gesteigerten Warmefreisetzung zwischen - 10°C und - 25°C 
(Phasentibergang des freien Wassers in Kapillarporen mit 
r,, > 10 nm) und zu einer_stark verminderten Wdrmeabgabe 
zwischen - 43°C und - 52°C (Phasentibergang des Wassers in 
den mittleren Gelporen mit 3 nm < r,, < 10 nm). Zement- 
stein ohne Chloridzugabe zeigte dieSe Effekte nicht. 
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rieren von Porenwasser in pordsen, keramischen Stoffen, 
Zementstein, wird durch Oberfldchenkradfte stark ver- 
Die Verdnderung ist umso gréRer, je kleiner die Poren 
je n&dher das Porenwasser der Festkérperoberfldche 
1e thermodynamische Beschreibung dieses Pha&nomens 
von Setzer (1) gegeben. Zur direkten Untersuchung des 
niiberganges Wasser/Eis kénnen mikrokalorimetrische 
n (DSC) im Tieftemperaturbereich herangezogen werden 
In Kombination mit gravimetrischen Bestimmungen 
Er oe a und die beim jeweiligen Phasen- 
nde Menge Wasser bestimmen (5). In (4) wurde 
der DSC-Signale dem Gefrieren von Wasser in 
zugeordnet. 
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mikrokalorimetrische Untersuchungen von 

chloridha tigem Zemer n Temperaturbereich + 20°C 
i I en die Auswirkungen der unter- 
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dung studiert wurden. 
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ortlandzement PZ 35 F und ein Hochofenzement 

nit mind. 70 % Htittensand eines stiddeutschen 
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en. Vom Werk wurden uns folgende Durchschnitts- 
Klinker und den Hochofenzement mitgeteilt 
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yeiden Zementen wurden Leime mit und ohne Chloridzugabe 
Wasserzementwert w = 0,50 hergestellt. Die Chlorid- 
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tan 


Tabelle 1: Oxid- und Chloridgehalte der verwendet 





Klinker (%) HOZ 35 L NW/HS (%) 





20,39 24,80 
6,03 15,07 
3,46 1,62 
65,29 
reg 
0,93 
: 1,64 
co 0,06 
Gluihverlust 0,20 
Unlésliches o> TO 

















rechnerischen Werte 
ch Bogue) betrugen: 
C,AF = 11 &%. 


Zugabe erfolgte durch Lésen von NaCl 
Anmachwasser, wobei 2,5 % Chlorid, 
eingewogen wurden. Die Verunreinigungen 
haltigen Salzen betrugen hdchstens 0,5 


Die Leime wurden in eine spezielle Schalung 
eingertittelt. Danach wurde die Schalung gasdi 
und in einer Wendemaschine 24 h gedreht. Im 
die Zementsteinst&bchen entschalt und 

nwart 


enwat 
aq 


Stickstoff (Reinheit: 99,999 Vol.-2%) 


Anschlie&end wurden aus den Zementsteinstdbchen 
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Ein plétzlich einsetzender Phasentibergang sehr hoher In 

bei ca. - 20 C gefolgt_von einem intensitatsschwachen Phasen 
tibergang zwischen - 20°C und - 30 C und einem Phasenitibergang 
mittlerer bis hoher Intensit&t im Temperaturbereich von - 7 
bis - 50 C. 
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(3 nm < r,, < 10 nm) zugeordnet werden kann. Der i 
sitdtsschwdchste Phasentibergang konnte bisher no 
deutig zugeordnet werden. Er trat bei calciumchl 
Zementstein nicht auf. 
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PREVENTION OF ALKALI-SILICA EXPANSION 
BY USING SLAG-PORTLAND CEMENT 


S. Chatterji and N.F. Clausson-Kaas 
Teknologisk Institut 
2630 Taastrup Denmark 


(Communicated by G.M. Idorn) 
(Received Feb. 13, 1984) 


ABSTRACT 


A previously postulated hypothesis that concrete or mor- 
tar prisms devoid of free Ca(OH)2 will not suffer from 
alkali-silica expansion has been tested. In this inve- 
stigation high slag-Portland cements were used to make 
mortar prisms with a reactive sand. Storage of these 


prisms in a saturated NaCl bath at 50°C caused no expan- 
sion. At the end of the storage period in NaCl bath, the 
prisms were found to be free of Ca(OH)». The results are 
consistent with the proposed hypothesis. 


In a recent paper one of the authors (SC) has suggested that the 
presence of free Ca(OH)» is a pre-requisite for the development 
of expansive alkali-silica reaction; it has also been suggested 
that the removal of free Ca(OH), from a mortar or concrete speci- 
men will stop alkali-silica reaction expansion even in the pre- 
sence of excess alkali salts (1). In this paper the results of 
work done to test this hypothesis are reported. 


One of the ways to produce mortar or concrete specimens free of 
Ca(OH)» is to use slag-Portland cement. It is known that powdered 
granulated blast furnace slag consumes Ca(OH), during its hydra- 
tion (2). By adjusting the proportions of granulated slag and 
Portland cement it is possible to produce a slag-Portland cement 
which will be free or nearly free of Ca(OH), after 28 days hydra- 
tion. Mortar prisms made with such a slag-Portland cement and a 
reactive sand will aslo be free of Ca(OH)», from 28 days onwards. 
These prisms may then be used to test the proposed hypothesis. 
This is what has been done in this investigation. 


Materials and Experimental Technigues 





Two slag-Portland cements of German origin and an ordinary Fort- 
land cement of Danish origin were used in this investigation. 
Each of the slag-Portland cements contains about 65% granulated 
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blast furnace slag. 0/4 mm sand from one of the most reactive 
sand sources in Denmark was used to make 1:3::cement:sand mortar 
with each of the above cement types. The water/cement ratio of 
the mortar mixes was 0.5. Several 40x40x160 mm prisms were cast 
from each of the mortars. The rpisms were cured in a humid at- 
mosphere for first 24 hours and thereafter under water for 27 
days. The expansivity of the mortar prisms were then tested using 
the warm saturated NaCl bath technique (3). Expansion measure- 
ments were carried out for 8 weeks. At the end of the expansion 
measurement period, one prism from each of the mortar types was 
used to detect the presence of free Ca(OH)2 by X-ray diffraction 


technique. 


TABLE I. 


Mean expansion of Mortar Bars made with different Cements. 





No. of % Expansion 





weeks 
Cement Type 





Ordinary 
Portland 





H.0O.Z.-35 
LNW-HS 80/2430 











HcO.2,=35 
GEWB 80/2431 





























Results and Discussion 





Prior to the selection of the two slag-Portland cements, a prelimi- 
nary screening was carried out on a number of slag-Portland cements. 
In this preliminary test 28 days old paste specimens from each of 
the slag-Portland cements were examined by X-ray diffraction tech- 
nique to determine their Ca(OH)» contents. The two slag-Portland 
cements which liberated only traces of Ca(OH)» were chosen for 

this investigation. 


The results of the expansion measurements are shown in Table l. 
Table 1 shows that the prisms made with the ordinary Portland ce- 
ment expanded from the second week onwards, whereas those made 
with the slag-Portland cements showed slight contractions. 


The X-ray diffraction examination of the mortar prisms showed that 
the prisms made with the ordinary Portland cement had abundant a- 
mounts of Ca(OH)2 crystals in them, whereas those made with the 
slag-Portland cements had none. The X-ray diffraction results al- 
so showed that in all three samples significant amounts of mono- 
chloroaluminate hydrate have formed. In view of the fact that the 
prisms were stored in a saturated NaCl bath at 50°C for 8 weeks 
it is not very surprising that significant amounts of monochloro- 
aluminate hydrate have formed in these samples. It will thus ap- 
pear that the lack of expansion in the cases of slag-Portland ce- 
ment mortars could not be attributed to a lack of penetration of 
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NaCl in them. Neither the absence of expansion could be attri- 
buted to a lack of OH-ions. All three sets of prisms were stored 
in the same bath along with other prisms made with Portland ce- 
ment. A typical pH of this type of baths is 13 or higher. Fur- 
thermore, the formation of monochloroaluminate hydrate is itself 
a OH-ion liberating process. 


The results of this investigation are thus consistant with the 
hypothesis which states that expansion due to alkali-silica reac- 
tion can be controlled by removing free Ca(OH)2 from the speci- 
men. If other workers can confirm this relationship between the 
absences of free Ca(OH)» and alkali-silica expansion, then it 
opens a rational way of avoiding the expansion. Further tests of 
the above hypothesis are in progress and the results will be re- 
ported at a later date. 


We are aware of the previous claims of the reduction of alkali- 
silica expansion by using slag cement. There are some difference 
between the present and previous investigations. In all previous 
investigations the alkali contents were limited to those of the 
cements, in the present investigation, however, the alkali con- 
tents were effectively unlimited. In other words, the improve- 
ment in performance could not be attributed to a higher alkali- 
binding capacity of slag-Portland cements than ordinary Portland 
cements, any absorption will be compensated by a migration from 
the bath (see the X-ray diffraction results). Moreover none of 
the previous workers has drawn any relationship between the pre- 
sence of calcium hydroxide and alkali-silica expansion. 
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ABSTRACT 
The age-adjusted effective modulus method for approximate analysis of 
structures exhibiting linear aging creep law and underlying Bazant’s 
theorem is generalized to a form which is more accurate for composite 
beam structures in flexure. A rigorous derivation of a linear algebraic 
relationship between the internal force histories and the deformation 
histories of the beam is given using the integral operator symbolics. 


Introduction 





The age-adjusted effective modulus method, developed in 1971 
[1], has been recognized during the last few years to represent 
the most efficient and accurate method of approximate analyis of 
creep and shrinkage effects in concrete structures under the assump- 
tion of a linear creep law. As shown by BaZzant [1], this method is 
based on the property that if the strain history represents a linear 
combination of the compliance function (or the creep coefficient), 
then the stress history represents a linear combination of the re- 
laxation function. The practical usefulness of this property (Ba- 
zant’s theorem) is due to the fact that in many situations the time 
variations of stresses and strains may be rather closely approxima- 
ted by such linear combinations. 


In the analysis of composite cross sections, however, one 
may encounter some situations in which the accuracy of this met- 
hod is not very high since the time histories of stresses and 
strains are not very close to the aforementioned linear combinati- 
ons. Nevertheless, since the formulation of the creep problem for 
a composite beam in flexure remains linear, a similar linearity 
property may be expected to hold in a generalized sense for the 
matrix of all internal forces in the cross section and the asso- 
ciated deformation variables (the curvature and axial extension). 


1Pprofessor, Dr.sc.techn.; Effective Member of RILEM. 
2Associate Professor, Dr.sc.techn. 
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Development of such a generalization of the age-adjusted effecti- 
ve modulus method for the flexure of composite beam structures is 
the objective of the present paper. 

The mathematical formulation can be effectively carried out 
only with the help of integral operators. For reader’s convenience, 
a brief review of this topic is included in the Appendix. A detai- 
led exposition cannot be, however, included because of space limi- 
tations, and reference should be made to appropriate mathematical 
texts. 


Integral Operator Formulation 





* 


Basic Equations 


The equations governing the stresses in composite and pres- 
tressed beam structures with uncracked cross sections consist of 
(1) the stress-strain relations for concrete and for steel; (2) 
Bernoulli’s assumption of plain cross sections which represents 
at the same time the compatibility conditions of the composite 
cross section; and (3) the equilibrium equations of the cross sec- 
t2On. 


As explained in the Appendix (Eq. A.11), the integral type 
stress-strain relation for concrete (c) may be symbolically writ- 
ten in the form: 


one Ree 
5. *Ba,* te Eg) 


in which o=o(t,to) is the stress, e=e(t,to) is the strain, 
es=eg(t,to) is the shrinkage strain, Eco=Ec(to) represents the 

instantaneous elastic modulus, t or t is the time in days from cas- 
ting_of concrete, to is the time at first load application in days, 
and R’ is the linear integral operator (see Appendix). In what fol- 


lows, the shrinkage is omitted because it can be treated separate- 
1y-. 





(1) 


The relaxation of prestressing steel (p) is also taken into 
account. As a sufficiently accurate approximation, it may be sup- 
posed that the nondimensional relaxation function, MR peels 
in interval (t,t) depends linearly on the nondimensiOnal’ concrete 


relaxation function, R* = R*(t,t) [3]: 


= 


= 0’1* + oR*, To R p’=1-p, (2) 


p 
in which p =constant for a given pair (t,,t) and for the initial 
StreSS ono in prestressing steel, ¢®, is the prestessing steel re- 
laxation corresponding to the time interval (to,t) and to the ini- 
tial stress o,,. The stress-strain relation for prestressing steel 
may be also written in the operator formulation: 

o =E Rc, (3) 

Pp PP 
in which E is the elastic modulus, and Ry is the linear integral 
Operator (see Appendix). In the special case of p=0 (th= 0), 

Eq. (3) characterizes an elastic material. 
Steel parts (n) and reinforcing steel (m) follow Hooke’s law: 
(4) 


Oo =E ec, (k=n,m). 
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The special case when a composite cross section does not con- 
tain any steel part represents a homogeneous cross section. 


Bernoulli’s assumption of plain cross sections provides: 


e=ntky (5) 


in which n=n(x,t,t,) is the normal strain and «x =«x(x,t,to) is 
the change in the curvature of the beam axis. 

When strain e« at a general point and stresses 5% (k=n,m,p,c) 
are eliminated from the equilibrium equations and from Eqs. (1), 
(3) and (4), the basic equations which apply to an arbitrary com- 
posite cross section are obtained [4]: 


EW A,Ri, 1+ E,S4Ri> « K=N, 


’ oan 
E 5,85, 9+ B,I,R5.* = M (6) 


in which Aj, Sj, and Jj are the cross section geometrical proper- 
ties (Ref. 4 Appendix 2y, Ey is the elastic modulus arbitrary 
chosen, and Rhy (h,l = 1,2) are the linear integral operators (see 
Appendix); N=N(x,t,to) ie the axial force, and M=M(x,t,to) is 
the bending moment. These equations represent a system of two in- 


homogeneous integral equations. 


Basic Functions 
The individual forms Rj (h=1,2) of the operator matrix of 
system (6) may be written as: 





’ Y,™ (7) 


iene i 
where y,= coefficients (see Appendix). Their inverse operators, 


denoted as id (h=1,2), satisfy the relation: 


(8) 


The solution of basic equations (6) may be expressed through 
inverse operators Fy 


M 
<i 


N ~ 
: + (Sy Fi + Sy5F 5) 


Further it is convenient to introduce operators: 


a WED. R= RF’ , (h = 1,2) 


which are inverse to each other, i.e. 





3see also Notations 
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It is also necessary to introduce the following functions: 


k * * R* 

= Rn (Yyrtet) = Ry 1* = Yn} +y,)R , (12) 
and F* (yprtet), Bh (Yyetet) Bh yhr tet), (for t2to> and h=1,2). They 
are thie integrals of the functions Ri Fir Ky and Bh, respectively, 
Eq. (A.3). It may be shown that the functions Ky linearly depend 


on the concrete compliance function F*: 


Ke = y,1* + y/F* = [ ae ja ey eee) ane 


where tA t, (h= 1,2), and that functions Bh linearly depend on func- 
tions Fh: 


- 1,5) . i (14) 


(1* 


i 
Yh 


Developing the operator relation (A.14) and using Eqs. (A.5), 
(A.2) and (A.8), we arrive at the inhomogeneous integral equation: 
i 


*(t,t) R*(t,1) - J 


T 


(15) 


Similarly, developing the operator relations (A.15), we arrive at 
two independent inhomogeneous integral equations: 
: : F aKy (yp rts 8) y 

(ypetet) BY (yprt,t) “a a Be (y,10rt) do =1 (16) 





Bh 5 


where tT Pits n= ave 


Keeping in mind relations (13), we may notice that functions 
Bre as well as the concrete relaxation function R*, are determined 
from the concrete compliance function F* , as solutions of inhomoge- 
neous integral equations. Functions Bh are called the basic fun- 
ctions. 


For any particular compliance function, two functions Ri 
(i.e. Fh). or Kh (i.e., the basic functions Bp, h=1,2), corre- 
spond to any given composite cross section. They are different 
for different cross sections because, through coefficients yp, 
they depend on the material properties of all the types of steel 
in the cross section, on the concrete elastic modulus at t=to, 
and on the cross section geometrical properties (see Appendix 2 
in Ref. 4 and Notations). 


Note that by introducing y/ =1 we arrive at the special case 
(Eg. A.17) in which the oe equations (16) reduce to the well 
known relation between functions F* and R* for concrete, given by 


Eq. 15. 


Determination of the Stresses 





Theorem I. If in a composite cross section the axial force 
and the bending moment depend linearly on functions Ri and Ror 
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as * * * 
N=N,)R}+NjR5+N31" , 
(17) 


os * * * 
M=M,RU+MR5+M,1* , 
Nj----,M3 being arbitrary constants, then functions n and «, deter- 
mining the deformation of the composite cross section, depend li- 
nearly on functions if’ and For ioe. 
* ok * 
Pq. + Haka * 448" 's 
1 2 : 3 : (18) 
K = KF) + KF. + K3l 
in which the corresponding operators a and FY are inverse, 
and Nyreeerk3 are time-independent. 4 


This theorem represents a generalization of Bazant’s theorem 
[1,8]. The proof of this theorem is given in Ref. 4, Appendix 3. 

Function Ry and F* (h=1,2) are related to the composite cross 
section. The special case when Y] =Y2=1, they reduce to concrete 
relaxation function R* and concrete compliance function F*, res- 
pectively (Eq. A.16). This applies to the case of a homogeneous 
cross section. Under these conditions, the special case of Theo- 
rem I, equivalent to Bazant’s theorem, reads: If the axial force 
and the bending moment in the homogeneous cross section depend 
linearly on the concrete relaxation function, i.e. 

2 pO Olx* = MOp* O,* 

N=N)R + Nol - M M)R + M51 (19) 

Wess sll being arbitrary constants, then functions n and x depend 


linearly on the concrete compliance function, i.e. 

fe) 
M 

1 ( * 2 
3 * 
co co 


F™) (20) 


Pe } K 
se 


+ ——— 
J 
Cc 


in which the corresponding operators R’ and F’ are inverse (for a 
homogeneous cross section, A, is its area and Jg is its centroidal 
moment of inertia). 

Theorem II. If in a composite cross section the axial force 
and the bending moment depend linearly on the concrete relaxation 
Function, R ; 1+e. 

ae * * ” * * 1 

N=N,R +N,1" , M=M,R"+M,1° , (21) 

being arbitrary constants, then the stresses in part k 





Naress Me 
(k=n,m,p,c) of the cross section depend linearly on the concrete 
relaxation function, R*, and the basic functions, Bye i.e. 


2 
= * * * 
Oo, = Vy (U1 + VR ve Wien? 


in which U,, Vi and Wik are time-independent (Ref. 4, 


ragraph 3). 





J.D. Lazié and V.B. Lazic 


Using Eqs. (12), the law in Eq. 21 may be represented as a 
linear combination of the functions Ri and R35 (Eq. 17), and using 
Eqs. (14), the law of stress variations (Eq. 22) represents a li- 
near combination of the functions R* and Fe (h=1,2). In such a 
form, this theorem is easier to understand because the correspon- 
ding operators Ri, and Fh are inverse. The form in which Theorem rt 
is given is, however, more suitable, since the functions R’ and 
BX are determined directly from the concrete compliance function, 
F*, as the solution of an inhomogeneous integral equation (Eq. 16). 


In the special case when ¥} = Y2=1, Theorem II refers to the 
homogeneous cross section: Under the conditions (21) the stress 
depends linearly on the concrete relaxation function, R. This 
follows from Eqs. (14). In view of Theorems I and II referring to 
the homogeneous cross section, and of expression (5), we may con- 
clude: If the strain, e«, at a general point of a homogeneous cross 
section depends linearly on the concrete compliance function, F , 
i:e. 

O 
ie E5 (23) 
in which e and E5 are constants, then the stresses vary linearly 
with the concrete relaxation function, R, i.e. 
O,x O.* 
i) te5R }s (24) 

This statement represents BaZzant’s theorem formulated for 

aging linear creep law for concrete in Ref. l. 


Albegraic Relations Between Deformations and 
Internal Forces 








We may start from the equations which determine the stresses 
in composite and prestressed beam structures with uncracked cross 
sections. The following algebraic stress-strain relation for con- 
crete may be adopted: 

= i 


eg Ce Eq 


¥ po. 8 Oo tyrt,): (25) 


rc co ’ 
In similarity to the original age-adjusted effective modulus me- 
thod [1] (AAEM method) it is convenient to introduce: 

fie ae Re oe 

F 

where Xp is a certain parameter. Later on it will be shown which 
factors influence the selection of Xp-values. The special case 
when this parameter becomes identical to the aging coefficient 
xX [1] Eq. (25) represents the well known AAEM method. When Xp=1 
the same equation represents the well known effective modulus 
method (EM method). 


The stress-strain relation for prestressing steel is algeb- 
raic to begin with, and may be written as: 
o =E tle c‘’=l1- ‘ (27) 
ie iad Pp *p 
For a given prestressing steel relaxation ¢,, this relationship 
implies the largest possible creep deformation. Thereby the effects 
of prestressing steel relaxation are overestimated. 
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The basic equations in the algebraic formulation are: 


i : =N+t+ 
n E,5i7 N Pr 


+ ’ =M+ 

ee a Bwirk M eof ya, 

These equations and the used notations are given in Ref. 4, para- 
graph 2.2 (see also Notations). 


The algebraic expressions for stresses are obtained by in- 
corporating the solutions of these basic equations into (5), (25), 
(27), and (4). Parameter Xp appears by means of pc and of the 
cross section geometrical properties A; y  De kpencabien J; in expres- 
sions o, (k=n,m,p,c). i - = 


The solutions of the basic equations for special case of ho- 
mogeneous cross section (Ref. 4. paragraph 3) are: 


1 M 
eee hd ag ° (29) 


Corrected Aging Coefficients 


In algebraic expressions (29), parameter Xp appears through 
coefficients ¢4 and pq. When its value is determined from the con- 
dition that, for N and M according to law (19), the value of n 
(i.e. «) Should be the same as that ensuing from the accurate ex- 
pressions (20), we obtain (Ref. 4, paragraph 3): 





Xp" X* T=R (393 


This is the well known aging coefficient of the AAEM method [1]. 
From Eqs. (A.15), (13) for tot, and (A.5), we obtain: 


aiee ui”. ive. BOUL" # yee) = 1", (31) 


ry* — 
hh 
and from Eqs. (A.14) and (A.6) for Sasa we obtain: 


R’F*=1% i.e. R’(1* +) =1%*, (32) 
On the basis of Eq. (30) and of the analogy of expressions 
with (32), we may define the coefficients: 


, (h=1,2). (33) 


Through a formal introduction of y 1, i.e. Bh = R" (Eq. A.17), 
these expressions reduce to Eq. (30). u% classical aging coeffi- 
cient x which refers to concrete [1] is a special case of coef- 
ficients Xvh referring to the composite cross section. 


For any special creep function and any given pair (to,t) two 
coefficients X,, correspond to each given composite cross section. 
They depend on the material properties of all materials interac- 
ting within the composite cross section, and on the cross section 
geometrical properties. They may be called the corrected aging 


coefficients. 
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To achieve an insight into the influence of Yh on these coef- 
ficients, Figure 1 shows a comparison of the Xyh values for 
yiL=0.1, 0.5, and 1. These coefficients correspond to the ACI creep 
prediction model for structural concrete [5] and to the CEB-FIP 
creep prediction model [6]. Solid lines indicate the CEB-FIP 
creep model, dry environment *¢) = 3.0, hh =20 cm, to=7 days. 
Dashed lines indicate the ACI creep model, t,=7 days, ¢$(~*,7) = 
= 4.152. (The last value is obtained from the condition that for 
to=7 days, and t-t.=104 days the ACI and CEB-FIP compliance 
functions have the same value). 
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For a given pair (t,,t), lower values X,}, correspond to lo- 
wer values of Yne For y,p=1, their highest values are obtained, 
which are, in fact, the aging coefficients x. 


Numerical evaluations show that the compliance function re- 
commended by ACI [5] leads to considerably smaller differences 
between the values Xy}, for vy. = 0.1 and ‘i 1 than does the fun- 
ction recommended by CEB-FIP [6]. This conclusion agree with the 
fact that the original AAEM method was found to agree quite well, 
for ACI compliance function, with the exact solutions of compo- 
Site cross sections [9]. 


Summary and Conclusions 





The presented integral operator formulation of the problem 

of bending of composite and prestressed beam structures leads to 
functions, relations and laws corresponding to the composite cross 
section. Functions Rp (i.e. Fi), or Ky (i.e. BR) (h=1,2) descri- 
be the properties of the composite cross section. For a given con- 
crete compliance function, F”", they depend, through the coeffici- 
ents yp, On the material properties of all types of steel contai- 
ned in the cross section, on the concrete elastic modulus at t=to, 
and on the cross section geometrical properties. For certain spe- 
cial values of coefficients yp, the functions Rh, FR (i-e. Bh, Kj) 
reduce to the concrete relaxation function, R*, and the concrete 
compliance function, F* 


The integral relations between functions Bh and Kh for the 
composite cross section are established. As a special case, they 
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reduce to the well known relation between R* and F* for concrete. 
For a given time variation of the axial force and the bending mo- 
ment, Theorems I and II establishe the time variation of the de- 
formation and the stresses in the composite cross section. As a 

special case, they reduce to the well known BaZant’s theorem [1]. 


In analogy to the aging coefficient x of the AAEM method for 
concrete, corrected aging coefficients X,, (h=1, 2) for a compo- 
site cross section are defined. For any given compliance function, 
they depend on coefficients Yh characterizing the given composite 
cross section. As a special case, the corrected aging coefficients 
Xyh reduce to the well known aging coefficient X which depends so- 
lely on the material properties of concrete. 


Appendix - Linear Integral Operators for Aging Creep 





The linear integral operator G, is associated to a function 
of two arguments, G=G(t,t), which satisfies the condition G(t,t)= 
=0 feof &<+. Operator G is defined for any function U=U(t,tT), 

by the following expression: 


c 
T= 1(t,t) = f 6(t,0)U(0,1)a0 = Gu (A.1) 
T 
In functions i and U, the second argument is a parameter if t= to: 


For linear integral operators, the laws of algebra of ordi- 
nary numbers are valid, except for the commutative law which in 
the general case does not hold. However, all the operators defined 
in the present problem have the commutative property. 


The following notations are introduced: 


G’ =G’ (t,t) = a eee ee ee oo 


j i for t>: t 
(0 for t <t 


where 6(7 = t) = é(ti-— 1) Ps the Dirac function [7] and H(t-1) is 
the Heaviside function. 


* 


1* =1* (t,t) =H(t- 7) = (<*t.) 


The operator 1’ associated to the Dirac function 1’ is the 
unity operator. The following is valid for it: 


t 
f se-e)00, 2) dé =U(t, t)=U. (A.2) 


: 
is substituted for G (G#1’) and 1* for U in Eq. (A.1) we 


~ 9G(t,8) 


20 H(@ - 
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The function G* is called the integral of the function G’. In par- 
ticular, the integral of the Dirac function 1’ is the Heaviside 
function: 


-t)H(@-1t) de= H(t-1t)=1* . 


The nondimensional concrete compliance function is: 


42" it. <)°, 


f*(t, 1) =0, (A.5) 


1 
e(t) 


(t, tT) is the creep coefficient: 


=F*(t, 1) = [l+ v(t, t)], (A.6) 


e(t) be * 
ay Pett {es Aa t,)- 


The uniaxial creep law may be expressed in the following form: 


c 


ts * _ oes 
rie ae F’ (t,6) do, (8,t,) 
t 


ae a ei 


€ (t,t) = Ec 


Applying integration by parts, and introducing (A.5), we get: 


a, 
e(t,t ——— | 0 (t,t,) + 


e(t) 


26> 
(t 26 t,) 


When U =O, and G=F’, the expression 


rraii 1’ +f! ; (A.9) 
= 


may be introduced in Eq. (A.1) and when expression (A.2) is used, 
the operator formulation of integral equation (A.7) becomes: 
ee ae > 
s*% Pits (ct), (A. 10) 
co 
The integral of function F’ is the nondimensional concrete 
compliance function, F*; 
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*(t,c1) =F" , (t>t_). 


I’ +f)i*= F 
oO 


F’1* = ( 


Ole 


This relation is obtained by using Eqs. (A.5), (A.4), (A.8), and 
(A.3). 


Applying a similar procedure to the form of the creep law 
based on the ralaxation function, 


c 
ie * 
Ga (tity) =Eog f RX (t,o)dLe(8,t,) - eg(@,to)] , 
\e 
Oo 


we arrive at the operator formulation: 


The integral of function R’ represents the nondimensional concre- 
te relaxation function: 


* 


=R*(t,1) =R’1l* == 1% -y* , (1>t_) (A.12) 










=¥'(t,0) = 






By means of algebraic elimination of o, (i.e. e-€,) from 
Eqs. (A.11) and (A.10), the following operator expressions, valid 
for inverse operators, are obtained: 







(N13) 





Integrating these expressions, we get: 







F’R* = (= I’ +£')R* =1*, and F’R*=R/F" . (A.14) 


The first expression represents an operator formulation of the 
relation between functions F* and R*, the integral form of which 
was given by expression (15). 


From Eqs. (A.14), (A.12), (A.5), and (15) for t=t we obtain: 










Fe ecay 7 elt) ¥* (1,1) =0, (t> te) 


In setting up the basic equations (6), the following opera- 
are introduced: 






mee ge 8 ey dee 
for ont 
a na * eg 2 ae eee 


where Yn} = coefficients depending on the reduced geometrical cross 
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section properties and on the prestressing steel relaxation cha- 

racterized byop (Eq. 2). The individual values of symmetric matrix 

ll, > are ¥. (a 1,2, see Appendix 2 in Ref. 4 and Notations). 
’ 


System of equations (6) may be formally solved as a system 
of algebraic linear equations by applying Cramer’s rule. 


When the operator relation (8) is multiplied by (A.13) and 
when operators By and Ky (Eq. 10) are introduced, it may be shown 
that these operators are the inverse operators, and so Eqs. (11) 
are obtained. Integrating these equations we get: 


Wynd 


citakt . 4% ve 
KyBi=1l Ky B (A.15) 

_ By setting y,; =Y2=1 (¥11 =¥22=1, ¥12=¥2]=0, see Appendix 
2 in Ref. 4) we obtain the special case of the homogeneous cross 
section. Then, from Eq. (7), and comparing relation (8) with (A.13), 
we get: 


“=i =e ee ey : Poo vee 
Ry a Fy F i.e. RL =R = (A. 16) 
Functions R*, FH and the corresponding operators Ry, F, (h=1,2) 
relevant to the composite cross section reduce in this special 
case to the concrete relaxation function, ge the concrete com- 
pliance function, F*, and the corresponding operators R’, F’. Howe- 
ver, by introducing yj,=1 from Eq. (13) and comparing relations 
(A.14) and (A.15), we can obtain: 


Ky ral : By (as 17) 


The nondimensional prestressing steel relaxation function R™ 
is represented by the integral: P 


. =» pi ime on 
eos: Lae | RY = p"1 + oR’. (Az 428) 
ie: i Pp ri 


Notations 


Subscripts: 


n,M;p,c = for steel parts, reiforcing steel, prestressing 
steel and concrete. 


The following symbols are also used in this paper: 
= area and inertia moment of part k (k=n,m,p,c) of 
composite cross section; 


Young’s moduli: of part j (j=n,m,p), of concrete 
at time tor and arbitrary chosen; 


reducing factors: V5=E./E,, (j=n,m,p) and Visi 


reduced area Ayy=v,A,, and reduced inertia moment 
Ikr=VkIk Of part k (k=n,m,p,c) of composite cross 
section; 


transformed cross section area A. = IA,_; 
eK , kr 
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Yr = ordinate of centroid of A, (k=n,m,p,c) refering to 
centroid of Aji 
Sir = first moment of Aly? SLY Ay (k=n,mM,p,c); has il 
J; = moment of inertia of sagas: cross section 
J; = Pkr! where Jey = t+ YO H (k=n,m,p,c); 








S. = VA.J.; 
i ; ae 
0 = defined by Eq. (2); 
et bed ‘i mn ee r 
Yri = coefficients (h,1=1,2): Yq A, + 0 A, ’ 










S S J 

Tye" Tan . ea ¢ Y22 J : 
i = defined by Eq. (26); 
i = defined by Eqs. (2), (27); 
Bae ogi neepers = area, first moment and inertia moment of creep tran- 

Be Ne 
sformed cross section: Aj; =Aj - CcAcr - SpApr + 
oe aa - t_S ; J,. =h.5> Guid - 0 . 
LE ec cr p pr ye 1 C-er p pr 





axial force and bending moment at time to: 







Remarks 






The bases of the mathematical theory for aging concrete of 

the linear creep law was given independently by Maslov (Ref. 14 in 
Part II) and McHenry (Ref. 15 in Part II). They have applied the 
principle of superposition due to Volterra (Ref. 16 in Part II). 
The way of solving the creep problems, on a wide scale, was opened 
by Mandel (Ref. 17 in Part II) and Huet (Ref. 18 in Part II), who 
introduced the integro-differential operators. By means of these 
operators it is possible to solve the problem symbolically, indi- 
cating the number of mathematical operations. The application of 
the linear integral operators, used in the present and in other 
authors’ papers (Ref. 3, 4 and Ref. 12 in Part II) was inspired 

by the works of Mandel and Huet. Such linear integral operators 

are more convenient because they lead to the simple stress and dis- 
placement expressions for composite beam structures. Some soluti- 
ons of the same problem for particular compliance functions were 
given (e.g. Fréhlich, Ref. 19 in Part II and Arutyunian, Ref. 20 in 
Part II). Also, for an arbitrary comliance function (Mola, Appen- 
dix L in Ref. 2), such cases were solved when it was possible to 
use the analogy with the stress determination if the strain depe- 
nds linearly on the concrete compliance function. 
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J ABSTRACT 
By applying the methods described in Part I. of the article, kinetic 
analysis for extractions of ¥-, B- and a’-modifications of Ca, SiO 
by methanolic solution of salicylic acid was carried out. Accord- 

ing to the obtained results, surface interaction is the rate-deter- 
mining process in all the three cases, and the values of the rate con- 
stants increase in the following order: B-, Y-, a’-modification. 
The rate constants of the reaction were assessed for three tempera- 
tures, which made it possible to calculate the activation energy. 












Introduction 









In our previous work (1) the procedure was worked out for the deter- 
mination of kinetic parameters of the extraction of solid phases from polysize 
systems containing particles which can be approximated to spheres. The appli- 
cation of the developed theory was illustrated on the system 7 -Ca,SiO, -meth- 
anolic solution of salicylic acid. In the present work various Ca,SiO- poly- 
morphs, i.e. a’-, §$- and ¥-modifications were used with the aim to find 
conditions for their selective extraction. Like in the case of / -Ca,SiO, extrac- 
tion, 8 -Ca,SiO, particles were also approximated to spheres and, consequent- 
ly, the relationships developed in Part I.were applied for kinetic analysis of the 
extraction of B-Ca,SiO . a’-Ca,SiO particles , however, could not be appro- 
ximated to spheres but to thin cylinders, and for that case the theory was modi- 
fied accordingly. 













Theoretical Part 













In a polysize system containing particles which can be approximated 
to spheres the rate of extraction is defined by the expression: 
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da 


which gives: 
a 


ke bie apo (2) 


where a= 2w.*a., * =m _/m..m is the initial mass of the solid phase 
depending on the initial concentrdtion ‘of reactant C_. In the above equations 
1/F(R., @.) is the sum of two resistances: the resistance to surface inter- 
action and the resistance to diffusion through solution, i.e.: 

‘ n 3/2 1420-2) /?] 
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1/F( R., a.) = + 
ra ie mr 





(3) 
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In the above equation K,_ includes the ratio of rate constants for diffusion and 
interaction and also the thickness of the diffusion layer (1). R_ belongs to the 
particles of the referential radius and has been introduced in order to define 
the extraction degree of particles with radius R. in relation to the extraction 
degree of particles with the referential radius according to: 


a; ao 





te) 


7. d a. rf d ao 
F(R, a) 2 F(R, @) (4) 


0 


As explained previously (1), expression (2) is applied for calculating G( a ) 
values by using the given particle size distribution and the selected set of K 
and x values. If the set has been correctly chosen,the result is a linear 
dependence between G( a ) and t. When, however, particles are not approxi- 
mated to spheres but by thin cylinders, expression (2) takes another form: 


Ww. 


-In(l-xa)=Kixc) = (5) 


1 


Expression (5) is obtained on the assumption that (i) the thickness of a particle 
is proportional to the radius of the cylinder base, (ii) in the course of the 
dissolution the thickness of a particle diminishes, with the radius of the base 
remaining constant, and (iii) surface interaction is the rate-determining step. 


Experimental Part 








Preparation of Ca,SiO, Samples 


All the three polymorphous modifications of dicalcium silicate were 
obtained by burning a stoichiometric mixture of quartz and CaCO, at 1450 C. 
a’- form was stabilized by addition of 3% B,O , and 8 -form by addition of 


1% BA0,- The synthetised samples were ground in an agate ball mill. The 
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granulometric analysis was carried out by applying Coulter counter method, 
the obtained results being shown in Table 1. 


Table 1. 


Particle Size Distribution for a’-, B- and 7-Ca, SiO, 





R; (um) i wi(B) 





0.25 0.010 
0.75 0.015 
1.25 0.035 
1.75 ° 0.020 
2.50 0.040 
3.50 0.070 
4.50 0.060 
3-50 0.070 
7.00 0.135 
9.00 0.175 
11.00 0.150 
13.00 6 0.125 
15.00 ° 0.080 
17.00 0.015 
20.00 ~ 
22.50 - 
25.00 - 





Extraction of Samples 





The concentration of salicylic acid was 0.05 mole/1 for extracting 
a’- and g-Ca siO,, and 0.10 mole/1 for ¥-Ca,SiO,. Experiments were 
performed by stirring samples with a magnetic stirrer (350 rpm) at constant 
temperatures ,as indicated in Table 2. where also the applied solid-to-liquid 
ratios are given. 


Table 2. 


Experimental Conditions of Extraction 





Modification a’- B- = 





sol.- liq. (g an) 1/300 1/300 1/200 





Temperature Ce 13 18 20 
18 Za 25 
Zo 30 30 
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The obtained a -t interdependences are represented in Figs. 1, 2 and 3. 


Results and Discussion 





two sets of data are required for the de- 


As already shown in Part L, 
termination of kinetic parameters of extraction of dicalcium silicates 
Ci) mba size distribution of the original sample and (ii) degrees of reaction 
7s a for consecutive time intervals t. 

The previous work has also shown that 
surface interaction manifests itself as 
rate-determining step in the extraction 
process and therefore G(a )-t inter- 
dependences should be calculated by 
using relatively high K_. values (K,)= 
= 250). In calculating G(@ ), 
x = 1.160 was taken for ¥-Ca,SiO 
from Part I. For a’- and B- ee sid 
‘: , the value was obtained from date” giv en 
102030 45 60 in the present work. The ratio of moles 
of Ca~ ions to those of salicylic acid 
Fig. 1 at the applied solid-to-liquid ratio, 
which was the same for both modifica- 
tions, indicates that with both a’- 
and 3 -Ca; SiO, the limiting value of 
the degree 2 réaction amounts to 0.645. 
This has been determined experimental- 
ly also for a’-modification. It is ob- 
vious from Fig. 1 that the value was ob- 
tained after 90 min. at 23 "C3 the belong- 
ing * value amounts to 1.550. After 


. They are 








a-t interdependence for a’-Ca, SiO, 


setting and K_ values, G(a@ ) -t 
interdependences were calculated by 
applying Eqs. (2) and (3). The obtain- 
ed results are represented in Figs. 
4, 5 and 6a which show that, regard- 
less of the applied temperatures , 
straight lines were obtained by plotting 
G (@) versus time for 8 - and 7- 
modifications. For a’>-Ca, SiO; , how- 
ever non-linear interdependences result- 
ed at all the three temperatures (Fig. 
6a). This finding is in accordance with 
TEM observations, according to which 
Ca, SiO, particles are not spherical, 
in One direction they are much thinner that 
ee ee ey, eee in the other two (2) and consequently 
their surface area can be expressed in 
Fig. 3 a more Satisfactory way if they are ap- 


a-t interdependence for ?-Ga,siO, proximated to thin cylinders. In that 
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Table 3. 








Rate Constants saaeal matenctae of ; : 35? 334° 250° fr 
Ca,SiO -modifications in Methanolic = t 

_— . . . x A ; . 
Solutions of Salicylic Acid vag, 
* P-Ca,Si0, 
e ¢-Ca,Si0, 





-1 .-1 
Modif. t(°C) K,(am 1 mol min) 





13 
18 
23 














30+ 





inlKied 





Fig. 7 
In K-4 interdependences for extrac- 
tion of Ca, SiO ,-modifications in meth- 
anolic sofution of salicylic acid 





case the surface area of particles does not change considerably in the course 
of extraction. Assuming that the particles are cylindrical, i. e. by applying 
Eq. (5), linear relationships have been obtained in the case of a ’-Ca, SiO, 
modification (Fig. 6b) as well. 


The rate constants for surface interaction as determined from the 
slope of the lines and the belonging C_ concentration are listed in Table 3. It 
is a well known fact that the rate of dissolution for processes controlled by 
surface interaction increases about three to four times if the temperature 
increases by about 10 °C. Thus the ratio of constants obtained at different 
temperatures also confirms the results of kinetic analysis according to which 
surface interaction is the rate-determining step in extraction of dicalcium sili- 
cates by methanolic solution of salicylic acid. 


Using the data for the reaction rate constants at different temperatu- 
res the activation energy of extraction has, been determined from Arrhenius 
plot (Fig. 7). It amounts to 72.3 KJmol ~ for, a’- modification, 57.3 
KJmol for 8 -modification and 70.5 KJmol for 7?-modification of 

SiO,. 
Ca, Si 4 
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ABSTRACT 
Calcium silicosulfate and anhydrite were subjected to 
extraction by salicylic acid in methanol. Only calcium 
Silicosulfate was affected, leaving a residue which was 
identified as "soluble anhydrite." The fraction of 
residue produced was close to that expected for stoi- 
chiometric precipitation of sulfate as CaSOq. It is 
suggested that soluble anhydrite found in cement clinker 
residues after salicylic acid extraction may form in a 
Similar manner from sulfate ions dissolved in belite or 
alite. 


Background 





A solution of salicylic acid in anhydrous methanol is 
commonly used to extract the calcium silicate phases from port- 
land cements and clinkers in order to facilitate XRD analysis 
of the interstitial phases. In performing such extractions on 
certain high-sulfur clinkers (1), we noted the presence of broad 
X-ray reflections at 14.6, 25.6, 29.6, 31.8 and 53.9°26 (CuKa) 
corresponding to "soluble anhydrite" or y-CaSOq (JCPDS File 
26-0329). Since this phase is unstable at clinkering tempera- 
tures, it was concluded that it must have formed during the 
salicylic acid extraction, either from hydration of "natural" 
anhydrite or by precipitation of sulfate ions dissolved in the 
extracted calcium silicate phases. In order to test these 
hypotheses, it was decided to conduct salicylic acid extrac- 
tions of carefully prepared samples of calcium silicosulfate 
[Cag (Si0q4)2(SOq)] and natural anhydrite. 
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Experimental 





Calcium silicosulfate was prepared by heating a mixture of 
y-C2S* and reagent-grade gypsum in a 2:1 molar ratio; the -y-C2S 
was prepared previously by burning a mixture of high purity car- 
bonate and silica. The homogenized mixture was burned in a 
loosely covered platinum dish in an electric muffle furnace at 
1200°C for 3-1/2 hours. The product was analyzed for sulfate 
content by acid dissolution and ion chromatography. It showed 
slightly less than the theoretical sulfate content, presumably 
due to some volatilization of sulfur during heating. Neverthe- 
less, it gave an X-ray diffraction pattern very similar to that 
reported by Gutt and Smith (2), with no evidence of any uncon- 
bined calcium silicate. 


Anhydrite was prepared by igniting reagent-grade gypsum at 
900°C for 2 hours. The X-ray diffraction pattern of the ignited 
product was identical to that given in JCPDS File 6-0226 for 
natural anhydrite. 


Samples of these materials were ground to pass a 200-mesh 
screen. Five grams of each powder were stirred with a solution 
of 60 g salicylic acid (reagent grade) in 400 ml absolute 
(reagent grade) methanol for 1 hr at 23°C. The residues were 
filtered on a glass filter paper, air dried, and weighed. They 
were then dried in an oven at 300°C and reweighed. In the case 
of anhydrite, the air dried residue amounted to over 99% by 
weight of the starting material. This residue gave an XRD pat- 
tern identical to that of the original sample before treatment. 
In the case of the calcium silicosulfate only, the filtrate was 
evaporated to dryness, ignited at 900°C, and the residue ana- 
lyzed for sulfur by the Leco furnace method; typical results 
are given in Table l. 


TABLE 1 
Materials Balance (mass %) 
Nominal composition of starting material: Ca, (Si0,),S0, 


Theoretical SO, content 16.7 


50, content by ion chromatography 16.0 


Actual residue after extraction and 
ignition at 300°C 26.7 


Expected residue if all SO3 in starting 
material were precipitated as caso, 


136.14 
80.06 


16.0 x 


S$O3 content of dried filtrate after 
ignition at 900°C 








*Cement Chemists' Notation: C=CaO, S=Si0z, A=Al203, F=Fe203 























Vol. 14, No. 6 84] 


SALICYLIC ACID EXTRACTION, Ca SILICOSULFATE, SOLUBLE ANHYDRITE 


Discussion 





As shown in Table l, the ignited residue from the calcium 
Silicosulfate extraction accounted for over 98% of the sulfate 
contained in the original sample. This, together with the very 
low solubility of the anhydrite sample, implies that the solu- 
bility of CaSOqg in the salicylic acid/methanol solution was not 
more than about 0.06 g/L methanol. The very low sulfur content 
of the ignited filtrate suggests a much lower solubility, but 
there is a possibility of sulfur loss during ignition due to the 
presence of a reductant (salicylic acid). 


In one case, the whole extraction and filtration procedure 
was carried out under an atmosphere of dry nitrogen, and the 
residue was examined directly by XRD under the dry atmosphere. 
The resulting diffraction pattern revealed broad reflections, 
apparently indicating a very poor crystalline form of soluble 
anhydrite (Fig. 1). 










After Exposure to Air 


PiG se. 2d 


X-ray diffraction 
patterns of ex- 
traction residues 
from calcium 
silicosulfate 


















X-RAY INTENSITY 





Under Dry Nitrogen 











DEGREES 28 (CuK) 










Also shown in the figure is the diffraction pattern obtained 
on the same residue after it had been allowed to stand in air 
for a few hours. The marked sharpening and intensification of 
the soluble anhydrite lines indicate an increase in crystallin- 
ity, presumably resulting from uptake of atmospheric moisture. 
At later ages, gypsum lines appeared in the pattern. 








Ignition losses determined at 300°C for residues which had 
been filtered and dried in air were always in excess of 6.2%, 
indicating that uptake of the first 0.5 mole water/mole CaSOq 
was rapid. For this reason, we were not able to determine the 
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amount of water contained in the dry residue immediately after 
precipitation under dry nitrogen. However, it is reported that 
soluble anhydrite can vary in composition all the way from hemi- 
hydrate, with 0.5 mole water, down to y-CaSOq, which may contain 
as little as 0.001 mole water/mole CaSOq (3). Thus, it is quite 
possible for soluble anhydrite to have formed under almost com- 
pletely anhydrous conditions. 


The exact nature of the soluble salicylate complexes formed 
by calcium or silicate ions in methanol is not known to us, but 
it appears from our results that calcium ions bind to sulfate 
strongly enough to inhibit formation of a salicylate complex. 
Presumably, precipitation of CaSOqg during the extraction is very 
rapid and thus leads to the formation of a poorly crystalline 
form of soluble anhydrite. This is consistent with our obser- 
vation of soluble anhydrite in the salicylic acid extraction 
residue of certain portland cement clinkers which contained 
high sulfate contents in a non-water-soluble form. Formation 
of soluble anhydrite under these circumstances appears to be a 
good indication of high sulfate contents in solid solution in 
the calcium silicate phases in these clinkers, as has been 
confirmed by microprobe analysis (1). In many cases, "natural" 
anhydrite is also present in clinker but is easily distinguished 
from the soluble anhydrite precipitated during the extraction. 
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ABSTRACT 


The rates of calcium hydroxide precipitation from supersaturated solutions were 
measured. The times of onset of precipitation were shorter for the solutions 
seeded with Ca(OH)2 or with C-S-H, than for unseeded solutions. Calorimetric 
measurements indicated the presence of solid Ca(OH)7 added at the time of 
mixing to be ineffective in promoting the onset of the acceleratory period of 
C3S hydration. This suggests that Ca(OH)9 precipitation is not the principal 
factor which determines the end of the induction period in C3S hydration. 








Introduction 














Understanding the factors affecting the precipitation of calcium hydroxide 
during the hydration of tricalcium silicate is important to the development of 
a more complete understanding of the hydration process. Generally, the onset 
of Ca(OH)2 precipitation roughly coincides with the onset of the acceleratory 
period of C3S hydration. It has, therefore, been argued that it is this 
precipitation process which allows hydration to accelerate by relieving the 
high degree of supersaturation in the solution [1]. In opposition to this 
casual argument, the alternative view is that Ca(OH)? precipitation is an 
effect of the onset of acceleratory period. This view contends that the onset 
of rapid C3S hydration causes the concentration of calcium hydroxide in 
solution to exceed a critical degree of supersaturation which results in its 
precipitation. 















The objectives of this investigation were to measure the time of onset of 
Ca(OH)2 hydroxide precipitation as function of the degree of supersaturation, 
to investigate the effects of the presence of solid Ca(0OH)z or C-S-H on these 
times and to determine whether the presence of solid Ca(OH)2 promotes the 
onset of the acceleratory period of C3S hydration. 









Experimental 









Supersaturated Ca(OH), solutions were prepared by hydrating C3S (330 m2/kg) 
at various water-to-solids ratios for approximately 2 hours. This yielded 
solutions whose calcium ion concentrations ranged from 1.4 to 1.9 g/&% as Cao. 
Test solutions were prepared by filtration through 0.2 im filters to remove 
solids. Supersaturated Ca(OH)2 solutions prepared in this manner avoid the 
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presence of various ions, such as sodium or chloride, while containing small 
amounts of dissolved silica. Therefore, solutions prepared in this way tend 
to be more representative of those in contact with hydrating C3S pastes than 
are solutions prepared by other means. The solutions were prepared in amounts 
sufficient to allow three electrical conductance experiments to be performed 
simultaneously. After filtration, the solution was partitioned into three 
polyethylene bottles, conductance cells inserted, and measurements initiated. 
The solution preparation and the conductance measurements were carried out 

in a glove box to minimize exposure to carbon dioxide. The solution tempera- 
tures were 29+1°C and the solutions were stirred throughout the course of each 
experiment. Solution conductivities were measured every 60 seconds by record- 
ing the readings from the conductance meters using a data acquistion system 
interfaced with a minicomputer. 


The rates of Ca(OH)9 precipitation were measured in unseeded solutions, in 
solutions seeded with C-S-H, and in solutions seeded with solid Ca(OH). 

C-S-H seeds were prepared by reacting 0.33g of C3S in a liter of water for 7 
days. This solution was decanted in order to concentrate the C-S-H so that 
after stirring, 10 ml of this solution contained approximately 8 mg of C-S-H 
assuming its stoichiometry to be C3S9H3. Calcium hydroxide seeds were 
prepared by filtering a hydrating C3S solution whose calcium ion concentration 
was 1.74 g/& as CaO and allowing Ca(OH) to precipitate. Ten ml of this 
solution contained approximately 8 mg of solid Ca(OH). No attempt was made 
to determine the surface areas of the seeding materials. 


Results 


Fig. 1 compares the precipitation rate of Ca(OH)? from an unseeded solution 
with those from the same solution when seeded with solid Ca(OH)2 or with 
C-S-H. In this figure, the normalized changes in conductance are plotted 

as a percent reaction against time. The conductance of the supersaturated 
solution, having a calcium ion concentration of 1.76 g/% as CaO, is repre- 
sented as 0 percent reaction. The conductance of the saturated solution after 
Ca(OH)2 precipitation was complete is represented as 100 percent reaction. In 
this instance, the calcium ion concentration in solution was 1.15 g/& as Ca0. 
This concentration was reached regardless of whether the solutions were seeded 
with C-S-H or Ca(OH) or were unseeded. 


Compared to the unseeded solution, the addition of 8 mg of solid Ca(OH)? 
significantly decreased the time required for the initiation of precipitation. 
The addition of a similar mass of C-S-H also promoted Ca(OH) 9 precipitation. 
However, the C-S-H was a far less effective nucleating agent than Ca(OH) 2 
itself. The unseeded solution remained supersaturated for an extended period. 
The length of time required for precipitation to initiate from unseeded solu- 
tions was observed to correlate with the degree of supersaturation as shown in 
Table 1. This table shows that even highly supersaturated solutions require 
lengths of time well in excess of the induction period for the initiation of 
precipitation in the absence of nucleating agents. 


Isothermal calorimetry was used to assess the effects of the presence of solid 
Ca(OH)? on the rate of heat liberation during early C3S hydration. Simultan- 
eous calorimetric determinations were performed at 25°C at a solution-to-solids 
ratio of 0.58 using a multicelled microcalorimeter [2]. In this experiment, 
both mix solutions used were saturated with respect to calcium hydroxide; 
however, solid Ca(OH)? was also present in one of the solutions. The results 
of this experiment are shown in Fig. 2. This figure indicates that the 
presence of solid Ca(OH)? at the start of C3S hydration did not decrease the 
length of the induction period. 
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Figure 1. The rates of precipitation of Ca(0OH)9 from a solution seeded with 
solid Ca(OH)9, a solution seeded with C-S-H, and from an unseeded 
solution. 














Figure 2. Calorimetric 
curves for C3S hydrated 
in saturated Ca(OH) 9 
solution or in saturated 3.2 + 4 
Ca(OH) solution 
containing solid Ca(OH) 9 
The two curves are 1.6 - a 
indistinguishable. 
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Table 1. Effect of Calcium Ion Concentrations on the Time of Initiation 
of Ca(OH)2 Precipitation from Unseeded Solutions 






Calcium Ion Concentration, Onset Time, 
g/% as CaO ___sec 













1.977 5,700 
1.889 17,000 
1.760 54,000 
1.650 160,000 


1.475 >360 ,000 
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Discussion 


Odler [3] showed that the addition of partially hydrated C3S to freshly 

mixed C3S paste accelerated hydration, whereas, the addition of solid Ca(OH)2 
did not. The latter result is consistent with the present findings. Alterna- 
tively, it has been suggested that the precise effect of admixed Ca(OH)2 is 
dependent on its morphology [4]. Accordingly, the Ca(OH)2 seeds used in the 
present investigation were obtained by precipitation from a filtered super- 
saturated solution achieved by hydrating C3S. This was done in order to 
simulate the conditions under which Ca(OH)) precipitates during C3S hydration. 


The onset of precipitation from the calcium hydroxide seeded solution was not 
instantaneous, Fig. 1. This is in contrast with the data of Tadros, et al. [5] 
who observed immediate Ca(OH)9 precipitation from solution under generally 
similar experimental conditions. The retardation of the initiation of precipi- 
tation in the present case may result from the presence of silica in solution. 
Silica has beén reported to retard the nucleation of calcium hydroxide [1], 
most probably as a result of adsorption on growth surfaces. 


A comparison of the conductivity data in Fig. l with the calorimetric data in 
Fig. 2 indicates that, while the addition of solid Ca(OH)? promotes precipita- 
tion, the presence of solid Ca(OH) 9 does not decrease the length of the induc 
tion period during C3S hydration. This suggests that the onset of the 
acceleratory period is not controlled by the onset of Ca(OH)9 precipitation. 
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ABS TRACT 
Parametric analysis by the computer program ATHENAN of the hydration 
of a cementitious plug in the borehole of a test rock, showed that the 

temperature rise within the plug is most sensitive to the size of the 

ae plug and moderately sensitive to the conductivities of the plug and 
the rock rollowed by less sensitive to the diffusivities of the plug 
and the rock and the heat transfer coefficient between the rock and 

the surrounding air. For a given heat of hydration of a mixture, a 

critical plug size exists given the environmental conditions. 













Introduction 





It is well known that a few mathematical models have been developed or 
applied to the hydration of portland cement with varied success (1). Such a 
model would be useful in predicting the kinetics of the reactions that take 
place during the course of hydration and therefore the rate of heat liberation 
so that cracks due to either thermal stresses or drying shrinkage could be 
avoided by properly choosing the materials and emplacement conditions, namely 
initial temperature, size of individual pours, and total size, among other 
factors. 











To improve the calculation accuracy ot the temperature distributions 
during the course of hydration of cementitious mixtures a nonlinear finite 
difference computer program called ATHENAN was developed by Gotsis (2). 
ATHENAN calculates the temperature distribution in axisymetric cylindrical 
domains that may react exothermally, like the hydration of cements, 
radioactive waste canisters and other solid state exothermal reactions. The 
development of ATHENAN was made in part to support the geologic disposal of 
radioactive wastes. 














Sealing of the boreholes that connect the biosphere with the repository 
surroundings is necessary in order to prevent radionuclide transport to the 
biosphere with a rate not higher than that through the host rock. This is to 
be achieved by natural filiers or manmade grouts or other cementitious 
materials (3). Several cementitious mixtures were investigated and the 
mixture with a suitable combination of physical and mechanical properties was 
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selected for study in a simulated laboratory scale plugging of a drilled 
granite cylinder by experimental measurements and computer simulations. 


The objectives or these studies were to develop a means for determining 
whether the selected cementitious mixture could be used for plugging boreholes 
without aeveloping excessive maximum temperatures or temperature differentials 
that could cause development of cracks, to validate the computer model 
ATHENAN, and then to use the computer model ror assessing che applicability of 
the selected cementitious mixtures in different geometries and types of rocks. 
The model would apply to concretes in any cylindrica: configuration. 


In tne present paper the applicability will be discussed, while the 
experimental measurements and the validation of the computer model ATHENAN 


have been presented elsewhere (4). 


Geometry and Heat of Hydration 


A cylindrical granite specimen with a height of 30 cm and a diameter of 
39.37 cm was used. Tne cylinder had a borehole of 20.32 cm diameter and 18.75 
em height (Figure 1). Because of the homogeneity of the materials and the 
existence vl an axis of revolution, it is necessary to examine only a 
meridional cross-sectional area consisting of the semi-plane which includes 
the axis vf revoiution. 
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Fig. 1. Granite specimen 
geometry before  thermo- 
couple holes were drilled. 








Small cylindrical noles were drilled 
in order to accommodate thermocouple wires 
for temperature measurement. Figure 2 
shows the grid of the finite difference Fig. 2. The meridional cross- 
computer model ATHENAN overlayed on the sectional area and the over- 
meridional cross-sectional area of the lay of the finite difference 
specimen. Materials 2 and 3 are the grid of the program ATHENAN. 
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granite and material 1 

is vthe cement plug. Table 1. The cementitious mixture PSU 82-022. 
The nodes of the grid 
are numbered K = 1, 2, 
tious mixture was the *MKL percent 
PSU number 82-022 (2), code — by weight 
the composition of 
whicn 1s shown in 








Tables 1 and 2. Z-47 shrinkage-compensating 
cement, type K 33.82 
The rate or heat E01 distilled water 15.895 
evolution from hydra- B51 volatilized silica fume 7.29 
tion of the mixture PSU B25 flyash 8.18 
82-022 which was used C57 sand ASTM C-109 33.82 
to plug the granite A36 superplasticizer 0.99 
borehole was measured A27 deroamer D-47 0.005 


at 34.5, 50, and 60.5 


degrees Celsius, re- 
spectively, using the *MKL = Materials Research Laboratory at The 


SEEBECK type envelope Pennsylvania State University 
calorimeters, model 
C-1245-2-E, Thermo- 
netics Corporation, San 












Lie Diego, California. The Table 2. Chemical and spectrochemical analyses 
4 recordings were made of components of PSU 82-022. 
3 with SOLTEC recorders; 













both the rate and the 


























cumulative heat lib- chemical % by weight silica 
erated were plotted component cement fly ash fume 
versus time (Figures 3 
and 4). 
Si0, 20-1 50.2 96.0 

For use with the Aly 03 4.11 27.0 0.10 
program ATHENAN, the TiO, 0.22 1.40 <0.1 
rates of nydration were Fe, 03 3.19 13.8 <0.1 
stored in computer MgO 4.18 0.84 0.13 
files in digital form. Cad 62 .26 1.82 0.12 
A subroutine was writ- MnO 0.05 0.034 0.010 
ten for the program Nay 0 0.14 0.24 0.1 
ATHENAN in order to K50 0.45 2.45 0.45 
interpolate by the Po Os 0.12 0.49 0.07 
trapezoidal rule be- SrO 0.05 900 ppm 
tween times and tem- BaO 0.05 1250 ppm 
peratures and obtain S03 4.59 
the rate of heat of . L.0.I. 
hydration for any node (1000°C) 2.04 
at any given time and TOTALS 101.45 98.27 96 .86 





temperature. 










The heat transfer number used in the program ATHENAN to simulate the 
hydration of the cementitious mixture in the granite borehole was estimated 
for natural convection between the granite and the air above the plug for 
vertical and horizontal surfaces to be 4.0 W/K/m* (5). 
















Using the experimental values for the cementitious plug thermal 
conductivity 0.8 W/m/K, granite conductivity 2.25 W/m/K, calculated cement 
diffusivity 6x107/ m2/s, and granite diffusivity 18.3x107/ m*/s into the 
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computer program ATHENAN the 
simulated temperature his- 
tory was in good agreement 
with the thermocouple mea- 
surements (2,4). The ini- 
tial condition was at 34°C 
and the surrounding air was 
at 90% humidity and 34°C. 


Parametric Analysis 


4000 


A parametric analysis 
was performed to study the 
influence of the values of 
the thermal properties and 
the geometry used as input 





HEAT RATE, W/m3 





0 


a . for the calculation of the 

TIME ,HOURS temperature history by the 

computer program ATHENAN of 

Fig. 3. The rate of hydration versus time a plug made of the cementi- 

for the PSU 82-022 cement mix. The numbers tious mixture PSU 82-022 

indicate temperature of the jackpot sur- within the granite borehole. 

rounding the calorimeter. The parameters varied were 

the conductivity and the 

diffusivity of the cementi- 

tious plug and the granite, the heat 

transfer coefficients between the 

granite and the surrounding air, and 

the size of the granitic specimen 

keeping the geometric proportions con- 

stant. Three different values were 

used for each parameter by the program 

ATHENAN, while the other parameters 

were kept constant at their experi- 

mental values as in the previous sec- 

tion. The results of these three 

calculations, namely the temperature 

versus time for nodal points 5 (near 

the center of the plug) and 50 (near 

Ba the center of the granite mass) were 

6.0 12.0 18.0 plotted in two separate graphs and are 

TIME . HOURS shown in Figure 5. The variation of 

the magnitude of the thermal effects 

caused by the variation of the bore- 

Fig. 4. The cumulative heat of hole diameter is shown in Figure 6. 

hydration versus time for the It can be seen that the lower the 

PSU 82-022 cement mix. The nunm- conductivity and the heat transfer 

bers indicate temperature of the coefficient, the higher the diffusiv- 

jackpot surrounding the calori- ity and the larger the size, the 
meter. greater the temperature rise. 
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It is obvious that by decreasing the heat transfer coefficient, the heat 
loss to the air surrounding the granite decreases, thus increasing the 
temperature of the borehole plug and the granite. Increase of the initial 
temperature of the cement further increases the heat production as shown in 
Figures 3 and 4, which consequently further increases the temperature rise. 
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Fig. 5. Sensitivity analysis of the effects of conductivity and diffusivity 
of che cement mix PSU 82-022 and granite and of the heat transfer coefficient 
between the granite and the surrounding air (nodes 5 or 50) by the program 
ATHENAN. (a) Variation of the heat transfer coefficient, node 5. (b) 
Variation of the heat transfer coefficient, node 50. (c) Variation of the 
granite diffusivity, node 5. (d) Variation of the granite diffusivity, node 
50. (e) Variation of the granite conductivity, node 5. (f) Variation of the 
granite conductivity, node 50. 
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Fig. 5. (continued). (g) Variation of the cement diffusivity, node 5. (h) 
Variation of the cement diffusivity, node 50. (i) Variation of the cement 
conductivity, node 5. (j) Variation of the cement conductivity, node 50. 


By increasing the diffusivity of the granite (while keeping the 
conductivity constant), the heat capacity is decreased which means that the 
rate of temperature rise within the granite is increased, given the same 
amount of neat, thus, creating higher temperatures within the granite. Higher 
temperatures within the granite means lower losses of heat from the plug to 
the granite; this increases the temperature of the plug which consequently 
further accelerates the heat production and elevates the temperature. 


By increasing the diffusivity of the cementitious plug (while keeping the 
conductivity constant) higher temperatures are created within the plug, using 
the same argument as before, higher temperatures within the cementitious plug 
cause higher rate of heat production and therefore higher temperatures. 


By decreasing the conductivity of the granite, conditions closer to 
adiabatic are created for the cementitious plug, thus increasing the 
temperature of the cement which consequently further increases the heat 
production. By decreasing the conductivity of the plug the heat flow is 
decreased and therefore also the losses from the cementitious plug. This 
increases the temperature of the cement which produces more heat thus raising 
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5.60 16.0 
TIME,HOURS 





“ = Fig... 6. Computed results for 

9-0 10.0 temperatures at nodes 5 and 50 and 

TIME, HOURS for different borehole diameters. 
(a) Node 5. (b) Node 50. 





the temperature of the cement even more while the temperature of the granite 
varies a iittle. 


By increasing the size, the ratio of the heat production to the heat loss 
of the cylindrical cementitious plug is generally increased, which can 
otherwise be expressed as the ratio of the volume to the area which increases 
linearly with the height or the diameter since the proportions remain 
constant. This increase in size or borehole diameter increases the heat 
production rate and decreases the losses of the cementitious plug which raises 
its temperature. 


Of the parameters studied, the size of the borehole is possibly the most 
Significant. It is obvious that for the given proportions of the granite and 
the initial conditions given in the previous section, the critical borehole 
diameter appears to be less than 0.8 m (Figure 6a), where the temperature at 
the center of the plug reaches about 100 degrees Celsius, which could cause 
cracking of the plug, if not adequately confined (6). Practically, it will be 
less than this, depending upon the stresses developed, and differential 
thermal expansion effects at the interface. It is obvious that with lower 
initial temperatures, the rate of temperature rise will be lower and the 
critical size could be increased. Lowering of the initial temperature of the 
cementitious mixture may be most easily achieved by lowering the temperature 
of its components before mixing. In critical areas cooling with liquid 
nitrogen has actually been used to maintain satisfactorily low temperature 
(7,8) when emplaced. The authors have stated elsewhere that a maximum 
acceptable temperature difference between the interior (hottest) and exterior 
(coolest) and a waximum of 10-20°C between new and old concrete are 
acceptable. 


Of the other parameters the thermal conductivity of the cementitious plug 
is the most important followed by the conductivity of the rock and the 
diffusivity of the plug. For the given geometry of the borehole, thermal 
stresses developed during the course of hydration of the cementitious mixture 
may be reduced if the conductivity of the rock is higher, or by increasing the 
conductivity and the heat capacity (which decreases the diffusivity) of the 
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cementitious plug. Increase of the conductivity and the heat capacity may be 
achieved by decreasing the proportion of portland cement, increasing fly ash 
or slag components and more conductive and densér ingredients (inert 
components) such as quartz (9), or by decreasing the porosity of the hydrating 
paste. Use of cements with larger amounts of gypsum and aluminate phase which 
produce more ettringite to generate a positive expansion, producing better 
interfacial contact, and enhancing the conductivity (10). 


Conclusions 


It has been shown by using the program ATHENAN, that the most sensitive 
parameter (aside from the heat of hydration) for the temperature rise during 
the hydration of concrete cylindrical forms, or specifically of a cementitious 
plug in a borehole was the size of the hydrating cementitious mixture, and of 
lesser importance the thermal conductivities and diffusivities and the heat 
transfer coefficient. For the cementitious material PSU 82-022, a critical 
value for the diameter of 0.8 m was found for the given relative geometry and 
single 1ift emplacement conditions with an ambient temperature of 34°C so as 
to not generate temperatures above 100°C. The ATHENAN computer program can 
therefore be used to calculate the temperature history and the emplacement 
conditions of cementitious plugs. Studies in progress are considering the 
stress development and will be reported elsewhere. 
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ABSTRACT 
The paper gives a method to determine the fatigue compres- 
Sive strength of concrete at a given number of cyclic loads, 
By;- A parameter D is introduced, which takes into account 
microcrack development in concrete, depending on the cri- 

tical stresses. The influence of the loading frequency 

on the fatigue strength is taken into account. 










Einftihrung und Problemstellung 





Wiederholte Belastungen fiihren bei Baustoffen zu den bekannten 
Ermtidungserscheinungen, die im allgemeinen auf Strukturverdnderun- 
gen im Mikrobereich zurtickzuftihren sind. Aufgrund seines extrem in- 
homogenen Aufbaues weist der Beton lokale Spannungs- und Verfor- 
mungsspitzen auf, welche schon vor der Erstbelastung ein beacht- 
liches Ausma&, bis hin zur MikroriBbildung, annehmen k6nnen (1, 2). 















Die in der Literatur bekannten Gleichungen zur Ermittlung der 
Ermiidungsfestigkeit des Betons berticksichtigen diese Strukturverdn- 
derungen nicht. Die Formeln beschreiben nur empirisch die Ergebnis- 
se von Untersuchungen und k6nnen nicht auf spezielle Betonarten 
(z.B. Faserbeton) oder auf extreme Bedingungen (Temperatureinfliis- 
se) tibertragen werden, da sie den Einflu& der betontechnologischen 
Faktoren nicht beriicksichtigen. Diese angesprochenen Faktoren bein- 
flussen aber die unterschiedlichen Verldaufe der Strukturzerst6rung, 
dad. h. die Entstehuna und Entwicklung von Mikrorissen im 
Betongefiige. Die Bildung von Mikrorissen wiederum beeinfluBt 
entscheidend die Ermiidungsfestigkeit 8, in Abhangigkeit von der 
Anzahl der wiederholten Belastungen N. 
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Im folgenden werden die kritischen Spannungen o, und o I de- 
finiert. Sie sind in Abhangigkeit von der Betonzusammensetzung 
(3, 4) und den Randbedingungen des Erhartungsprozesses (3, 4, 5) 
logische Grenzwerte bei der Bestimmung der Ermtidungsfestigkeit. 


Als o. wird diejenige Spannung definiert, bei welcher die vor 
der BelaStung bestehende Anzahl von Mikrorissen noch nahezu un- 
verdndert bleibt bzw. deren Lange und Klaffung sich nur unbe- 
trdchtlich vergré8ert. Das tbherschreiten dieser Spannung verur- 
sacht eine stetige, aber stabile Entwicklung der Mikrorisse. 


Die kritische Spannung Orr verursacht ein Verbinden der Mikro- 
risse zu zusammenhangenden Ketten, welche durch den Zement- 
stein, manchmal auch durch die K6rner des Zuschlagstoffes, mei- 
stens aber entlang deren Bertihrungszonen verlaufen. Ab dieser 
Spannung entwickeln sich die Mikrorisse und Risse bis zur vélli- 
gen Zerst6rung des Betons, und zwar unabhangig davon, ob die 
Belastung sich vergrdé8ert oder nicht. Die Betonzerst6rung ist 
dann nur noch von der Einwirkungszeit der Belastung abhangig. 


Die so definierten kritischen Spannungen k6nnen als die Me8&- 
gréBen des Strukturzustandes (1, 3, 6) angesehen und unter ande- 
rem durch die Messung der Quer- und Langsverformungen bestimmt 
werden. Dabei sollten u.a. die in Bild 1 vorgestellten Krite- 
rien angewandt werden. 


In dieser Arbeit wird ein Vorschlag fiir die Berechnung der 
Betonfestigkeit nach beliebigen Lastspielen N., < N vorgestellt. 
Die Beriicksichtigung der Geschwindigkeit von ~“Belastungsverdnde- 
rungen ist mdglich. Die angegebenen Lésungen werden durch die 
Ergebnisse von fremden und eigenen Untersuchungen bestatigt. 


Die Ermuidungsfestigkeit des Betons 





Grundlage ftir die Beschreibung der Ermiidungsfestigkeit des 
Betons ist der von J.L.van Ornum und anderen Forschern festge- 
stellte nichtlineare Zusammenhang von By - logN. Es wurde die 
exponentielle Kurve 


= -A 
By/8 = CN “(1 + BR logN) Cy (1) 


mit R= angenommen. 


Omin/ “max 
Der Faktor C berticksichtigt hierin die erhdhte Betonfestig- 


keit unter dynamischer Belastung im Vergleich zur statischen 
Belastung. Nach (7) kann C = 1,16 angenommen werden. 


Durch den Faktor C, wird der Einflu&g der Belastungsgeschwin- 
digkeit berticksichtig¢. Dieser wird im allgemeinen wie folgt be- 
rechnet: 


Cy = 1+ al(1- BR) Llogf (2) 


Dabei ist f£ die Belastungsfrequenz [Hz], a und b sind konstan- 
te Koeffizienten. Mit a = 0,07 und b = 1,00 ergibt sich der Fak- 
tor Ce zu 


C. = 1 + 0,07(1 - R) logf (3) 
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dy/A| - - : qe ~~~ - eae 
Q75;-- 
| V=f/Ex 
Me "| Av =Aby/ALy si 
0,50+- ! 
| 
BMF min} 4 5A 
0,25-- ’ 
| AV=t, og 2by 
| AWV=AEx-2 AE y 
! | 
0 0,25 0 
AV, AV/V 
Bild 1 
Kriterien zur Ermittlung der kritischen 
Spannungen 


Die Werte a und b wurden so festgelegt, da& bei einer Wirfel- 
druckpritifung C * Cry = 1 ist. 


Nach (8, 9, 10) wird mit t = 10 Jahren eine ma&gebliche Zeit- 
grenze gesetzt, ab der bei konstanter Belastung keine Struktur- 
verdnderungen des Betongeftiges mehr zu erwarten sind. Mit der 
Grundfrequenz von f = 1Hz errechnen sich damit N = 3,15 + 109 
Lastwechsel (logN = 9,5). 


Die Variablen A und B werden durch die kritischen Spannungen 
beschrieben. Setzt man die Ermtidungsfestigkeit 8,(R = O, f£ = 1Hz, 
logN = 9,5) gleich der kritischen Spannung o und die Dauer- 
festigkeit 8.(R =~ 1, logN = 9,5) gleich der Eritischen Spannung 
Orr dann ergibt sich 


A 


0,008 - 0,118 log(o,/8,) (4) 


B 


i] 


0,118(0,,/0, =F) (5) 
Hierbei ist 8. die statische Betonfestigkeit. 


Nach (3) bis (6) und (9) ist o. = (0,35 = 0,55)8, und O77 
(0,70 + 0,90) 8.- Dabei ergeben dié Mittelwerte o, = 0,458 tnd 
O17 = 0,808. gute Naherungswerte. In den eigenen Untersuchungen 
(37 4) wurd&n die Mittelwerte o, = 0,4538 und o,, = 0,790 be- 
obachtet. Die Untersuchungen wurden an Befonzylindern (9 15 cm, 5 
h = 30 cm) der Festigkeitsklasse B 25 (Mittelwert Bo = 27,0 MN/m’ ) 


durchgefthrt. 
Die ausfiihrliche Analyse der Untersuchungsergebnisse ergab 
eine nichtlineare Abhdngigkeit 8B, - R. Die Annahme einer linearen 
Beziehung 8. - R in Gleichung ab) bewirkt jedoch nur einen ver- 
nachlassigbaren Fehler. 
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Der Verlauf der Strukturzerstd6rung im Beton 





Nach (6) kann die Rifentwicklung im Beton durch die Verdnde- 
rung des Querdehnungskoeffizienten Av beschrieben werden (Av = 
Ac /Ac._; Ae. und Ae. sind die Langs- und Querverformungsdnde- 
rutigen*bei Sinem Kr&ftzuwachs von AP). Die Abhangigkeit Av von 


der Spannung o wird im Bild 2 dargestellt. 


Im Bereich o = O bis o=o0, nimmt Av in etwa den konstanten 
Wert Av, an. Zwischen o, und Ort vergréBert sich auch Av von Avy 


I . I 
auf Avot: Der Spannung 75 


o..) entspricht Av 

- yf = m ss 07, gilt defini- 

tionsgema& immer’ Av = Av_,=0,5. 
Der Wert Av=Av, wird bei der 
Bruchlast erreicht. Nach (11) 
ist Av, = 1,0. Eine genaue Be- 
rechnung ist nach Formel (9) 
mo6glich. 





Die mit der Schwingungsober- 
grenze Oo... = 9 wiederholten 
Belastungeéen bewirken eine Ver- 
gr6Berung des Wertes Av von 
Av_ bis zum Wert Av, , welcher 
nicht nur bei der Bruchlast un- 
ter statischer Belastung, sondern 
auch nach N Lastwechseln er- 
reicht wird. Nach (11) wird an- 
genommen, da& der Zuwachs Av um 
dAv proportional zu Av und aN 
ist: 











Bild 2 
5 dAv = B, Av GN (6) 
Abhdngigkeit zwischen Av und o Durch Lésung der Gleichung (6) 
und nach Einsetzen der Bedin- 
gungen Av = AV, fiir N; = 1 und 
= dv. mit N; und N errechnet sich 


Av = Av, (Av /Av a: (79 


k 


Der Wert Av, in Gleichung (7) kann in Abha&dngigkeit von dem 
Spannungswert 09 folgenderma&fen bestimmt werden: 


Die exponentielle Abha&dngigkeit fiir den Spannungszuwachs von OF 


auf o sei in der Form 
A 
hy = Bo Avy oO” 
Vv 2 T 


oO 


gegeben. Mit den Bedingungen Av = 
fiir 0, = [rr erhalt man: 


Av 
ro) 
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Der Grenzwert der Lastwechsel N kann mit Hilfe der Gleichung (1) 
berechnet werden. 


Fiir die Abschatzung der RiBentwicklung ist es zweckmaBig, D 
quasi als MaB dieser Strukturzerst6rung einzufitihren. D wird durch 
die Gleichung 

Av. = Avy 
dD= ——_————— (11) 


Av, - Avy 


definiert und erftillt folgende Bedingungen: 
Fir Niji = 1 und o = of ist Av = Avy und D=0O, 

fiir Nj =N ist Av = Avy, und D = 1. 

Dadurch ergibt sich die Mdglichkeit, die Grd8e D als KenngrdédBe 
fiir die irreversible Rifstruktur des Betons unter konstanten 
oder verdnderlichen Belastungen zu benutzen. 


Durch Einsetzen von (7) und (9) in (11) erhalt man die Glei- 








chung 
N,/N 
D = (D, + da.) (Av, /Avo) - d. (3) 
mit 
Av 
:, I 
se a = (14) 
. a Avy Avy 


Nimmt man die Giltigkeit der Gleichuno (9) auch fiir den Span- 


nungszuwachs im Bereich Peg FO Ras 8B. an, so ergibt sich 















, 
(Av,,/dv,)" 4 (15) 












Der Exponent wird dabei nach Gleichung (10) mit 0, = 8, berech- 
net. Die gegebenen Lésungen sind fiir den Spannungszuwachs O < 6, 
< oy nicht exakt. Bei derart niedrigen Spannungen wird angenom- 
men, da&B auch hdaufige Lastwechsel keine nennenswerte MikroriB- 
entwicklung hervorrufen. 








Die Betonfestigkeit nach beliebigen Lastwechseln 









Die Entstehung und die Entwicklung der Strukturst6rungen bei 
wiederholten Belastungen bewirken einen stetigen Verlust der ef- 
fektiven Betonfladche und damit die Abnahme seiner Festigkeit. 
Diese Abnahme ist, &hnlich wie der Zuwachs dAv, proportional der 
Anfangsflache zum Zuwachs der Lastwechsel. Im einfachsten Fall 
der linearen Abhdngigkeit der Betonfestigkeit Bu; (mit Lastwech- 
sel N;) von D ergibt sich 









By =kD+mMm (16) 







Nach Erfiillung der Randbedingungen: 
BN; = Bo fiir D=0, 

By; = By = Dien fiir D= 1 (N. = N) 
bekommt man 
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By 8c = 1- (1 = «) D (18) 
Die Abnahme der Festigkeit des Betons nach dem N,-ten Last- 
wechsel ist gleich 


(19) 


AB /8. = 


Untersuchungen mit den angegebenen Ldésungen 





Die Ermiidungsfestigkeit 





Die angegebenen Lésungen werden anhand fremder und auch ei- 
gener Versuche in den Bildern 3 bis 12 dargestellt. Die Faktoren 
A und B errechneten sich mit Ory = 0,458, und O77 = 0,808, zu A = 
0,029 und B= 0,092. 


Im folgenden sind die wichtigsten Daten zu den eigenen vers 
suchen aufgefiihrt: Betonfestigkeitsklasse B 25; Be = 26,19MN/m ; 
W/Z = 0,5; kK = 6,60 und 0,75; R = 0,3; £ = 6,67 und 15,00 Hz. 


Die Werte der kritischen 
Spannungen wurden durch Mes- 
sung der Quer- und Ldngsver- 
formungen an Betonzylindern 





(6 15 cm, h = 30 cm) bestimmt 
- Fltir den bei geringer Tempe- 
ratur erhdrteten Beton (-3 

c - +2°%) ist 

OF ioe: 0,25 Ba und OTT = 05.72 
Bo, 

fiir den thermisch beein- 
fluBten Beton ist oy = 0,34 
Be und o,, = 0,76 8. 


Ausgedehnte Erkenntnisse 
uber den Einflu8 geringer 
Temperaturen wdahrend der Er- 
hartungsphase auf die Werte 
der kritischen Spannungen 
k6nnen aus den Untersuchungs- 
ergebnissen von M. Rybiatski 

Bild 3 gewonnen werden. Ftir den un- 

ter Frost (-1° C) erhd&rteten 

Untersuchungsergebnisse nach Beton erhielt er oy; = 0,1858, 
Antrim und McLaughlin (13) und oft = 9,750 Bg. 
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1,0 én 
09 039r- ° 
Wh We 
0.8+— Q8r- 
0,7 7 
o— R=0,15 , 
e— R=0,38 
= = 
er a Be ” 
—— Ke 0,88 eo 
05h O05 
: 1 a 3 4 5 6 7 0 1 2 3 4 5 
log N logN 
Bilc 4 Bild 5 
Untersuchungsergebnisse nach Untersuchungsergebnisse 
Assimacopoulos, Warner und nach Awad und Hilsdorf 
Ekberg (14) (15) 































Bild 





Bild 6 





Untersuchungsergebnisse nach Untersuchungsergebnisse nach 
Gaede (16) Graf und Brenner (12) 










Untersuchungen tiber den Einflu8 von thermischer Beeinflussung 
sind dem Verfasser nicht bekannt. 


Die Ergebnisse der eigenen Untersuchungen werden in den Bil- 
dern 10 und 11 dargestellt. Die nicht aufgrund der Dauerschwell- 
belastung zerst6rten Versuchskérper sind mit einem Pfeil ge- 
kennzeichnet. Zum Vergleich ist auch die Kurve fiir Beton, der 
unter normalen Bedingungen erhértet ist, eingezeichnet. 
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0 — Nig = 26,8 MN/m@ 
x — 0 = 331 MN/m? 




















logN logN 
Bild 8 Baldy 


Untersuchungsergebnisse nach Untersuchungsergebnisse nach 
Kesler (17) Korcynskij und Bieczeniewa (7) 


Die in Bild 11 dargestellten Versuchsergebnisse zeigen ein- 
deutig, da& die Temperatur wa&hrend der Betonerhartungsphase ei- 
nen Einflu& auf die Ermiidungsfestigkeit hat. So ergeben die bei 
niedrigen Temperaturen erhdarteten Versuchskérper auch die klein- 
sten Werte der kritischen Spannungen OF und Orr: 


Eine deutliche Steigerung der Ermiidungsfestigkeit ftir Faser- 
beton beobachtete S. Sasiadek (18) bei seinen Untersuchungen. 
Diese bestdatigen die Abhdangigkeit zwischen 8y und den kritischen 
Spannungen. Filir diese Betonart sind oy und oyyz hodher als fiir den 








1,0 1,0 
ag ‘ 09 


08 


My /n, 


0,7 
Erhartung 


as niedrige Temp. 
— f = 667Hz . thermische Bear. 


as — = 100'Hz normale Temp. 











| 











5 6 
logN 


Bild 10 Bild 11 


Eigene Untersuchungsergebnisse Untersuchungsergebnisse der Er- 
der Ermiidungsfestigkeit des mudungsfestigkeit des bei nie- 
Betons drigen Temperaturen erhérteten 
oder thermisch beeinflu8&ten Be- 

tons 
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normalen Beton, da die fein verteilten Stahlfasern die Entste- 
hung, vor allem aber die Entwicklung von Mikrorissen und Rissen 
in der Betonstruktur behindern. W. Freitag hat in seiner Arbeit 
(19) festgestellt, da&K die Ermiidungsfestigkeit von der Betonfe- 
Stigkeit abhangt. Eine Zunahme der Betonfestigkeit fiihrt auch 
zu einer Zunahme der bezogenen Ermiidungsfestigkeit. Eine ahnli- 
che Tendenz wurde friiher fiir die kritischen Spannungen bemerkt 
iS). 


Versuche zur Ermittlung der Betonfestigkeit 





nach beliebigen Lastwechseln 





Auf diesem Gebiet wurde ein Vergleich der Theorie mit Ver- 
suchsergebnissen anhand eigener Untersuchungen vorgenommen. Die 
Versuchsk6rper waren Betonwitirfel (a = 15cm) mit einer Festigkeit 
von 24,74 MN/m2 bis 31,89 MN/m2. In Bild 12 sind die Ergebnisse 
dargestellt. Die theoretische Kurve wurde ftir f = 6,67 Hz ge- 
zeichnet. 


Die in Bild 12 dargestellten theoretischen Kurvenverldaufe 
stehen im Einklang mit den Untersuchungsergebnissen. Eingezeich- 
net wurde dabei fiir N > 106 jedes Ergebnis, fiir N = 5-10° der 
Mittelwert aus 4 Versuchen und fiir N=10° der Mittelwert aus 6 
4 Versuchen. 





Bemerkungen und Schlu&betrach- 


tungen 
























In der Arbeit wurden Mdg-- 







ny Me x lichkeiten zur Beschreibung der 
: ast Ermiidungsfestigkeit des Beton By 
und der Betonfestigkeit By; nach 

Q7e beliebigen Lastwechslen Nj ange- 






geben. Mit dem Wert D wurde ein 
ost Kriterium zur Berticksichtigung 
’ 6s <a -W= 060 der Ri8entwicklung eingeftihrt, 
¥ = 0,75 fiir das ebenso wie fiir die Be- 
tonfestigkeitswerte By und BNy 
| | | ein Zusammenhang mit den kriti- 
schen Grenzspannungen besteht. 
logNj Es wurde auch der Einflu& der Be- 
lastungsfrequenz f beriticksich- 
Bild 12 tigt. 

































Die angegebenen LOsungen 
wurden mit fremden und eigenen 
Versuchen verglichen. Wie die 
Bilder 3 bis 12 zeigen, stehen 
die theoretischen Kurven in gu- 
tem Einklang mit den Versuchsergebnissen. Dies trifft auch fir 
Untersuchungen an Beton zu, der wahrend der Erhartung niedrigen 
Temperaturen unterworfen war. 





Festigkeit des Betons nach 
beliebigen Lastwechseln N; 










Der Verfasser dankt Herrn Dipl.-Stat. W. Kruse und Herrn 
Dipl.-Ing. I. Nissen fiir die Hilfe bei der Ubersetzung herzlich. 
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ABSTRACT 
Hydrothermal studies showed the location of scawtite in the narrow in- 
ternal tetrahedron foshagite-xonotlite-C09-H20 of the system Ca0-Si02- 
CO2-H20 and its compatibility with the calcium silicate hydrates in the 
4-phase assemblages. The phase assemblages in this region involve scaw- 
tite, foshagite, xonotlite, tobermorite, hillebrandite, calcite and sil- 
ica. The carbonation series of the 4-phase assemblages were determined 
in the sections C4S3-C02-H20 (C4S3 = 4Ca0.3Si02), C7S6-CO2-H20 and 
C6S6-C02-H20 at 473 K and saturated steam pressure in dependence on the 
C02 content. The carbonating influence of C0? takes place in the volume 
of the Ca0-Si02-C02-H20 system-up to the C02 concentration limited by 
the calcite-silica-H20 triangle. Above this C02 content, carbon dioxide 
appears in a gaseous form together with gaseous H20 in the 4-phase as- 
semblage calcite-silica-C02H20. The instability of scawtite under the 
COo excess (C02/C7S— > 1) is influenced by its structural arrangement. 
The present channels enable penetration of COs molecules into the struc- 
ture and formation of carbonated phases. 


Introduction 


Scawtite, 7Ca0.6Si02.C02.2H20, is the only known quarternary phase in the 
system Ca0-Si02-CO9-H20. For a long time, the formula Ca0.Si02.H20 was proposed 
for this compound f1)° later described as CSH(A) (2). McConnel (3) and Mudroch 
(4) suggested from crystallographic examination, that CSH(A) is very similar to 
the natural mineral, scawtite. Buckner, et al. (5), established the identity of 
the phase CSH(A) occuring in the system Ca0-Si02-CO2-H20 at low partial pres- 
sures of C02 with scawtite. Harker (6) confirmed the previous pol (5) by suc- 
cessful synthesis of the compound of composition 7Ca0.6Si02.C02.2H20 S6CO Ho). 
He localized the scawtite composition in the section wollastonite- aT H? and 
he established the existence of scawtite in the phase assemblages of the system 
Ca0-Si09-C02-H20. The formation of scawtite in the system Ca0-Si02-C02-H20 under 
hydrothermal conditions, is treated in several papers (7-12). The compound has 
been studied widely because of its potential influence on hydration reactions. 


This work studies the influence of C0? on the formation of scawtite and its 
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phase relations within the system Ca0-Si02-H20-C0?2 at 493 K and staurated steam 
pressures. 





Experimenta] 








The samples of stoichiometric composition were prepared in the form of 
water suspensions (1:10) from Si02 (natural mineral from Brazil, Si02 99.8 wt.%), 
NHaHCO3 (analytical grade) and CaO (from CaC03, analytical grade, by decarbon- 
ation at 1273 K for 3h). The homogenized mixtures were placed in the teflon 
capsules which were then enclosed in the hermetic pressure cylinder. The hydro- 
thermal synthesis ran for 7 days at 413-473 K. 









The crystalline products of the hydrothermal syntheses were identified by 
X-ray phase analysis. The powder diffraction records were taken on a powder 
diffractometer Philips 1540 using CuKa radiation and goniometer rate 1° 26/min. 







Hydrothermal synthesis of scawtite in the section 7Ca0.6Si02-C02-H20 of the 


system Ca0-Si02-C02-H20 at 413-573 K- 

Harker (6) synthetized scawtite from the mixture of silica and CaO in the 
proportions required for 7Ca0.6Si02.2C02, 7Ca0.6Si02.C02, or 7Ca0.6Si02 at ele- 
vated temperatures and pressures for varying times up to four weeks. He found 
that total pressure had little effect on tne formation of scawtite whose forma- 
tion was restricted to temperatures between 413 and 573 K. Pure scawtite could 
only be prepared by using Ca(0H)2, silica and stoichiometric amount of C02 dis- 
solved in the excess water. At lower temperatures, tobermoiite and calcite ap- 
peared to be stable parts of the assemblages, and at higher temperatures, xonot- 
lite and calcite (or wollastonite and calcite) were produced. 




















The present paper contains an account of studies on hydrothermal synthesis 
of scawtite from water suspensions of CaO, silica and C09 (from NH4HCO3), a mix 
of stoichiometric composition equivalent to 7Ca0.6Si02.CO2 (molar ratio C02/ 
C7S6 = 1) at temperatures between 413 and 573 K for 7 days according to the re- 
action scheme: 


7CaO + 6S10, + C0. - 2H.0 > 7€a0.6S105.C0,.2H,0 (1) 


The products of reaction (1) identified by X-ray phase analysis are summarized 
in Table 1. 










Table | 
Formation of the intermediate phases at the hydrothermal synthesis 
of scawtite at 413 - 473 K 







|-—-—-— $$$ —_—— $$$ $$$ 





















| | 
; Heat treatment | 
Mol t ; 
sida we Temperature| Time | X-ray analysis 
C02 / 0756 (K) | a eerer 
0 413 | 7 | T, CT, Q in trace quantities 
1.0 433 | 7 | Sey T, CT 
1.0 | 453 =: |} Sc, with some T 
1.0 | 473 | 7 | Sc 











C = CaO, S = silica, T = tobermorite, CT = calcite, Q = quartz, and 
Sc = scawtite 





The results given in Table 1 give evidence that scawtite is formed through the 
intermediate products, tobermorite and calcite, and the rate of reaction (1) de- 
pends only on temperature. Table 1 shows that pure scawtite could be prepared 
at temperatures 453 - 473 K. 








Vol. 14, No. 6 
I. Kapralik, et al. 


Tobermorite, xonotlite and foshagite are the phases compatible with scaw- 
tite in the phase assemblages of the section C7Sg§C09-H20 containing also the 
scawtite composition. These phases were synthet zed at the same hydrothermal 
conditions (time, temperature) as scawtite. All three compounds were formed 
after 7 days heat treatment at 473 K. Tobermorite and xonotlite were produced 
most rapidly. Foshagite always was accompanied by a small amount of xonotlite. 
Tobermorite was identified as a metastable phase (in agreement with (13)), ac- 
cording to its slow transition to the stable xonotlite phase at temperatures 
above 423 K. The phase assemblages containing tobermorite may be therefore sug- 
gested as metastable systems at 473 K (14-18). 





Section 7Ca0.6Si05-CO,-H,0 at 473 K and saturated steam pressure 


The composition of scawtite (6) is delimited within the section C7S6-C09-H20 
of the system Ca0-Si02-C02-H20 (Fig. 1). 
Harker (6) found that both synthetic 
and natural scawtites decomposed into CO. 
calcite and amorphous Si0g when they 
were Stirred in water solution satur- 
ated with C02 at 294 K. This result 
shows that scawtite is unstable in 
the presence of excessive C02. 


In this connection, we investi- 
gated the phase equilibria in the 
water suspensions containing increas- 
ing ratio CO9/C7S¢ at 473 K and sat- 
urated steam pressure. The results 
of the X-ray phase analysis of the 
solid products are summarized in 
Table 2. 


The results in Table 2 show that f 
with increasing molar ratio C02/C7S¢ eee aaa 
from 1 to 7 at the excess of H20, eae dl 
there exist in the section C7S6-C02- 
H20 carbonated series of the four FIG. 1 
compatibie quarternary assemblages System Ca0-Si09-C02-H20 showing 
(Sc + Fo + Xo + H), (Sc + T + CT + H), location of scawtite in the in- 
(tT + CT +S +) and (CT + 5S + Cho + Ht) ternal region Fo-Xo-C09-H20. 
(Sc = scawtite, Fo = foshagite, Xo = Fo - foshagite, Xo = xonotlite, 
xonotlite, H = H20, T = tobermorite, Sc = scawtite. 
CT = calcite, S = silica). These phase 
assemblages are compatible with excess of H20 in the apex of the phase triangle 
C7S6-CO2-H20. Their stability fields are delimited by solid lines in Fig. 2, 
determined by scawtite composition and by three binary assemblages (T + 2CT), 
(7CT + 6S) and 2Fo + Xo). These three assemblages were determined from phase 
analysis of the products of hydrothermal reactions: 


C5S-H, (CO + C0., + 3H,0 > CeSeHe + 2Cacd. 











9) 


C>S,H,(CO.) - 6CO,, + nH0 - 7CaC0. + Si0, (colloid) 


20756 i 3H0 > 20S 3H oe CeSeH 
as well as reaction (1). Reactions (2) and (3) agree with the known fact that 
scawtite is unstable in excess of C02 (C02/C7Sg22). The stability field of 
Scawtite between the quarternary assemblages (Fig. 2) is therefore quite narrow. 
The content of calcium silicate hydrate phases decreases and the portion of car- 
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Table 2 
Phase equilibrium data for the section C5S¢-C0,-HA0 in an excess 
of water 
Molar ratio _ Hydrotheral synthesis X-ray analysis 
CO, / CaS¢6 Temperature Time 
(K) | SERS Tae Dalene See 
< ] 473 7 Sc, Fo, Xo 
] 473 7 Sc 
1-2 473 7 36-73-61 
2 473 7 Tie 
2-7 473 7 eS sis 
7 473 7 i 
> 7 473 7 iw, > 


C7S— = 7Ca0.6Si09, Sc = scawtite, Fo = foshagite, Xo - xonotlite, 
T = tobermorite, CT = calcite, S = silica. 















FIG. 2 
Diagram of the section C7S¢6-C02-H20 
of the system Ca0-Si02-C02-H20 in- 
cluding the scawtite composition and 
4-phase assemblages. The assemblages 
outlined with solid lines (VII - X) 
are those which were determined ex- 
perimentally. The assemblages out- 
lined with dashed lines (I - VI) 
were established from the hydration 
series (2) - (4). 


W = wollastonite, R = rankinite, 
CT = calcite, Fo = foshagite, Xo = 



















80 

xonotlite, T = tobermorite, H = H,0, 
S = silica. 

i + 4 ot (I) W+R+CT + Fo; (II) W+CT + 

— lO ae OU (EOS Nes (TET) Se + CT + Xo + Fos 
(I¥) w+ CT +S 4 T;.: (¥) W+ CE 4 
Xo + T; (VI) Sc + CT + Xo + T; 

(VII) Sc + Fo + Xo + H; (VIII) Sc + CT + T+H; (IX T+ CT +S +H; (X) CT + 





> * C0. af 





bonated phases (scawtite and calcite) increases with the increasing molar ratio 
CO2/C7Sg. At ratio C02/C7S— = 7, there exists the only phase assemblage (CT + 
2+ mi in the system Ca0-S10,-C0,-H,0 compatible with C0. 


Fast hydrothermal conversion of scawtite into different carbonated phases 
controlled by excess of C09 has its origin in the structural arrangement. Scaw- 
tite has a layer structure. _Layers of Ca0g octahedra alternate with layers con- 
taining Sig0]g rings and C03°- groups (19). They are oriented parallel with 
(101). Holes in the cyclic $ig018!2- groups (Fig. 3) overlap with holes in 
layers containing Ca0g polyhedra. There arise channels enabling penetration of 
the linear C02 molecules inwards the structure and reaction of these molecules 
with the Ca0g polyhedra. In the same time, water molecules belonging to the 
calcium-oxygen octahedra cannot escape from the structure at normal temperature 
due to the bent form and molecular dimensions. Similar penetration of C05 was 
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observed in the case of cordierite structure O16) qs OF) ota) OF 


containing six-member A1,Si 4019 rings (20). 


The positions of another three binary 
phase assemblages (6W + CT), (Xo + CT) and 
(Fo + 3W) (W = wollastonite), together with 
the above mentioned three binary assemblages 
and scawtite composition, delimitate in the 
section C7S6-C02-H20 (Fig. 2) further six pos- 
sible quarternary phase assemblages: (W + CT 
+R + Fo), (W + CT + Fo + Xo), (W + CT + Xo + 
T), (W+CT +S +T), (Sc + CT + Xo + Fo) and . 
(Sc + CT + Xo + T). Their stability fields ce, ales ents 
are separated by dashed lines in Fig. 2. 


The existence of the assemblage (6W + CT) FIG. 3 12- 
on the binary join C7S6-CO2 is suggested accord- Geometry of the Sig018 ring 
ing to the equilibrium Pcg,-T curve for the in the scawtite structure. In- 
univariant reactions (21, ~ 22): calcite + teratomic distances are given 
quartz 2 wollastonite + C09 and 3CaC03 + in (107! 9m] 
2CaSi03 2 2CapSi0q.CaC03 + COZ. The assem- ; 
blage (Xo + CT) appears as an intermediate product in the hydration series along 
the join (6W + CT)-H20 (Fig. 2) according to the scheme: 


LJ! et. aee omnia 
(6W + CT > (Xo + CT) > C5S.H, (C0, ) 
The assemblage (Fo + 3W) appears as an intermediate product in the hydra- 
tion series along the join C5S_-H,0 (Figs. 2): 
2H0 H,0 
205,» 2(Fo + OM) => (aly + Ko) (6) 
We verified the formation of the stable phase assemblages (Sc + H90) and 
(2Fo + Xo + H90) according to the reaction schemes (5) and (6) by hydrothermal 
reactions of the water suspensions (6W + CT), (Xo + CT) and (7Ca0 + 6Si09). 


The hydration series (5) and (6) show that the existence of three binary 
assemblages (6W + CT), (Xo + CT) and (2Fo + Xo) and six 4-phase assemblages I - 
VI in the section C7Sg§-C02-H20 (Fig. 2) is only possible at water contents which 
correspond to the stoichiometric hydrated compounds. When the water content ex- 
ceeds the stoichiometric amount, the hydration process proceeds under formation 
of the phase associations compatible with H20 appear very slowly. This is demon- 
Strated by the presence of the metastable tobermorite phase in the phase associ- 
ations in the section C7S¢6-C02-H20 (Fig. 2). All phase assemblages including 
tobermorite are metastable under given hydrothermal conditions. 


The hydrothermal experiments indicate that the hydration process proceeds 
through several transition phases and the combination of phases in the phase 
assemblages may be significantly influenced by experimental conditions (14-18). 


Conclusions 


The results of the phase analysis of the system C7S¢-CO9-Hj0 have confirmed 
that the join (7CT + 6S)-H20 represents a section in the subsystem CT-S-H which 
limits concentration of C09 fixed stoichiometrically in calcite. The C09 excess 
appeared in form of gaseous phase together with the H20 vapour in the 4-phase 
assemblage (CT + S + C0? + H90). The mixtures deficient in C09 always reacted 


with CaO to give carbonized series of compounds in the 4-phase assemblages in- 
volving scawtite and distinct calcium silicate hydrates or scawtite and calcite. 
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The composition of the calcium silicate hydrates depended on the molar ratio C/S 
in the system. 


The formation of scawtite in the system Ca0-Si09-C02-H20 shows that the 
small amount of C02 can bind considerable quantity of CaO and Si09 in the com- 
pound C7SgH2(C02) reducing in such a way the content of calcium silicate hydrates 
in the phase assemblages. With increasing amount of C02, the content of calcium 
Silicate hydrates strongly decreases (Fig. 4). The occurrence of calcium sili- 
cate hydrates and carbonated calcium silicate hydrates is limited to the C02 con- 
centration corresponding to the concentration triangle CT-S-H. Above this C02 


Section: C, S4- C02 450 CyS_-CO>- H20 C.S— C02” H50 


Molar ratio: co,/c,s, co,/C 4S, co,/ CoS, 


FIG. 4 
Schematic representation show- 
ing carbonation series of the 
4-phase assemblages of the 
sections C4S3-C02-H20, C7S6- 
CO2-H20 and C6§S6-C02-H20 of 
the system Ca0-Si02-C02-H20 
at 473 K and saturated steam 
pressure. 


Hill = hillebrandite. 






































content, carbon dioxide ap- 
pears in the gaseous form to- 
gether with gaseous H20 jin the 
4-phase assemblage CT-S-C09- 
H90. 

The scheme in Fig. 4 in- 
CT volves 4-phase assemblages 
s occuring in the system Ca0- 
— $i02-C02-H20 at saturated 
steam pressure for definite 
molar ratios C02/C4S3, C02/ 
CaS3, CO0/CESg in the sections: C4S3-C02-H20, C7S6C02-H20 and CESg-CO2-H20. The 
compositions C4S3, C7S6 and C6S6 on the join Ca0-Si0?2 correspond to the molar 
ratios C/S in the compounds C4S3H (foshagite), C7S6H2(CO2) (scawtite) and CéS6H 
(xonotlite). The composition of scawtite takes place in the subsystem Fo-Xo-C02- 
H20 (Fig. 1). The scawtite composition divides this subsystem into 4-phase as- 
semblages in which scawtite coexists with foshagite, xonotlite, hillebrandite or 
tobermorite. The composition of hillebrandite and tobermorite is to be found 
outside the tetrahedron Fo-Xo-C02-H20. The formation of the 4-phase assemblages 
at increasing CO? content and the change of the phase composition in dependence 
on the molar ratio C/S was discussed above and it is seen on the scheme in Fig. 
4. This scheme is in a close relation to the technological processes in which 
hydration and carbonation of calcium silicates proceeds under hydrothermal con- 
ditions. 








Increase of the CO2 content 
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ABSTRACT 
Determinations of the glass content of synthetic and blast furnace slags 
by infrared absorption spectroscopy are described. A linear relation- 
ship exists between the calculated infrared absorption R-values and the 
percentage glass determined by optical microscopy count. The use of an 
internal standard and a constant grinding time for the slag sample are 
crucial to obtaining an accurate and reproducible result. The tech- 
nique is simple, inexpensive, and minimizes time consuming sample prep- 
arations such as washings and particle sizings common in the optical 
microscopy method. 


















Introduction 





Some slags increase the hydraulic activity of portland cement when admixed 
in the correct proportions. The hydraulic and cementitious properties of slags 
are related among other factors to the glass content (1-3). The glassiness of 
Slag, and hence the hydraulicity, is presently determined by various methods 
which include optical microscopy (4), x-ray diffraction (5) and luminescence 
spectroscopy (6). However, some of these methods are either limited in their 
applications (7) or change the physical and chemical properties of the sample. 









The major components of slags are oxides such as lime, silica, alumina and 
magnesia. The chemical compositions and the percentages of these oxides may 
differ from slag to slag and from country to country. They are however 
reasonably constant for a particular source (8). 










Slag exists in two phases, the glassy and/or the crystalline phases. The 
chemical components and the quenching technique adopted during the cooling of 
the molten slag determine the predominant phase (1). If the oxides that form 
slag are basic (net-work breakers), or amphoteric and acidic (net-work formers), 
the predominance of one form of the oxides over the other may be crucial in the 
formation of the glass phase. 








Since silica is a major component of slag and forms strong tetrahedral 
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net work bonds, the 0-Si-0 bending vibration absorption band of silicates in the 
slag is selected for the measurements among the bands in the spectrum. 

Moreover, in the presence of the acidic oxide silica, lime, magnesia and 
possibly alumina may not form strong net work bonds. 


Infrared absorption spectroscopy has been effectively applied in the 
qualitative identification and elucidation of the structure of glass and 
crystalline materials (9, 10). The quantitative application of infrared 
spectroscopy for solid materials using alkali halides has not fared well because 
of the problems of particle size of the sample (11, 12) and physicochemical 
interaction between the substance and the dispersing medium (13). However, the 
detection and determination of the crystalline and amorphous absorption bands 
are possible from investigations of infrared bands (14). It is observed that 
the infrared absorption band spectra of crystalline and glassy slags are 
different in their shapes and sizes under identical sample treatment. These 
differences are utilized to determine the glass content by developing an 
empirical function called R-value (Ratio-value). 


Infrared Absorption R-values. (Ratio-values). 





Theoretically, quantitative analysis by infrared absorption ideally uses 
the area under the peak of a selected band to determine the concentration of the 
desired substance. This procedure may not be applicable to slags since the 
concentration of the vibrating species is the same in both the crystalline and 
glassy form of the slag. However, since the glassy form was observed to produce 
a broad and short absorption silicate band, while the crystalline slag appeared 
to produce a narrower and taller band, a technique of an R-value calculation was 


empirically developed to fit the observation. 


Peak height of 475 cm-l of unknown slag 
R-value = Peak width at 475 cm-+ of unknown slag at I/2 height 
Peak height at 1400 cm-+ of internal standard 
Peak width at 1400 cm-! of internal standard at 1/2 height 











In arriving at this definition, some assumptions were empirically made. 


1. The base line of the internal standard at peak maximum was chosen as 


the baseline of the analytical sample absorption peak. 

2. A triangle was drawn over the absorption peak comprising the already 
defined baseline and the best lines that touch most of the analytical absorption 
peak to form a triangle. 

3. The triangle may not be isoceles but can follow the shape of the 
absorption band. 

4. The peak height of the absorption band was measured from the base of 
the resulting triangle to the apex and the width at half height was similarly 
determined. 


All the lengths were measured using a ruler calibrated in millimeter units. 
However, any other convenient units may be used. Experimental data demonstrated 
that one can easily quantitatively determine glass content to within +5% accuracy. 


Experimental 





In order to simulate commercial slags, a range of synthetic slags were 
prepared in 20 gram lots. Starting materials were American Chemical Society 
reagent grade calcium carbonate powder, Mallinckrodt Chemical Works national 
formulary magnesium carbonate powder, aluminum hydroxide powder purified from 
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Matheson, Coleman and Bell, and -240 mesh silicon dioxide (floated) powder from 
Fisher Scientific Company. The calcined materials were fused homogeneously in a 


Lindberg furnace. 


A series of base to acid B/A = (CaO + MgO) ratios were homogeneously 
(A1203 + Si02) 
prepared to final slag composition ranging from 0.80-1.30 (Table 1). The 
samples with varying B/A ratios were individually prepared and weighed into 
platinum crucibles. 





TABLE 1 
SYNTHETIC SLAG CHEMICAL COMPOSITION 


Grams of Grams of Grams of Grams of 
CaCo3 MgC03 Al1(0H) 3 Si09 


8889 
.6486 
.4211 
.2051 
.0000 
. 8049 
.6190 
~4419 
enter 
.1111 
9565 





- 4000 
. 3081 
.2211 
1385 
.0600 
. 9854 
.9143 
.8465 
.7818 
.7200 
. 6609 


11.8985 
12.3004 
12.6813 
13.0426 
. 3858 
.7128 
.0232 
.3197 
.6027 
8731 
.1318 


0. 
0. 
0. 
0. 
i 
i 
A 
hi 
a 
l. 








Aaa ninnp fp Pp 
a Se Se ae a a a a I mae 
PO PO PO POPS PO W GW W W Ww 
DNI™N™N™N™N CO COC 











Each B/A ratio was prepared in duplicate. The two crucibles, each containing 
the same B/A ratio composition were placed in a Lindberg furnace stabilized at 
500 deg. C. which was then slowly increased to 1475 deg. C. (15). Duplicate 
samples of the given B/A ratio composition were left at this temperature for 8 
hours or until completely molten. One of the duplicate crucibles with the 
contents was quenched in liquid nitrogen in order to produce a high glass 
content. The other duplicate sample was left in the furnace and allowed to cool 
slowly to 1050 deg. C. in order to anneal. After 6-7 hours at 1050°C, the 
sample was slowly cooled to room temperature in order to produce a slag of high 
crystalline content. 


Another set of duplicate replicas of B/A ratios was similarly prepared. 
However, in order to produce high glass slag, one of the duplicate samples was 
chilled in ice-water mixture in place of liquid nitrogen. The other duplicate 
was annealed and slow-cooled as previously described. X-ray diffraction 
analysis revealed that the major minerals formed were akermanite/gehlenite. 


Particle Size Reduction and Infrared Scan 





Both the slow-cooled, the liquid nitrogen and the ice-water quenched slags 
were ground with mortar and pestle and separated to different mesh sizes. The 
+325 particle size was reduced further by a Perkin-Elmer vibrating mill for 4 
minutes. An appropriate quantity of the sample was mixed with preground 
potassium bromide-ammonium chloride mixture to a final homogenous material of 
two percent sample and two-tenths percent ammonium chloride as internal 
standard. Approximately 150 mg of this mixture was pressed into a transparent 
disc in a Carver Press at 30,000 pounds per square inch for 10 seconds without 
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vacuum. Clear and acceptable discs were produced 95% of the time using this 
procedure. 


The discs were scanned in a Perkin-Elmer Infrared Spectrometer - 1330. The 
spectrometer was a double beam optical null instrument with microprocessor 
controlled abscissa function having t/5 filter grating and capable of scanning 
full frequency range 4000-200 reciprocal centimeters in a scan time of 12 
minutes. The gain was set at normal with a narrow slit program. Each sample 
was run in triplicate by using different discs and the mean used in the 
calculation and determination of glass content. 


Calibration Using Internal Standard Method 





An internal standard, ammonium chloride, was thoroughly mixed with powdered 
potassium bromide by grinding the mixture for one minute in a vibrating mill to 
produce a mixture containing 0.2% by weight ammonium chloride. A series of 
Spectra were run of various pre-calculated mixtures of slow-cooled synthetic 
Slag designated as 0% glass, and ice-water quenched duplicate, designated as 
100% glass in discs prepared from the potassium bromide - ammonium chloride 
standard matrix. A triangle was drawn over the absorption peak between 500 - 
462 wave numbers of the 0-Si-0 bending vibration using the ammonium chloride 
baseline as the reference. 


The Ratio-values (R-values) were calculated as defined. For each sample 
mixture, three discs were scanned to obtain the ratio-values. A linear 
regression analysis with percent glass as the independent variable and the 
ratios as the dependent variables (Table II) gave the calibration curve (see 


fig. 1) with a correlation of 0.9982. Using the same potassium bromide - 
ammonium chloride mixture as standard disc material, the percent glass of any 


slag may be determined. 








PERCENT GLASS —> 
FIG. 1 


Standard calibration plot of R-values as a 
function of the percentage of glass. 
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FIG. 2 


Infrared absorption spectrum of a 0.5% 
ammonium chloride in potassium bromide 


Results and Discussion 





Figure 2 illustrates the infrared absorption spectrum of 0.5% ammonium 


chloride. 

It is transparent below 1390°"-! making it an ideal choice as the internal 
Standard for siags. Figure 3 illustrates the spectra of a synthetic slag and 
blast furnace slag. They are qualitatively similar. The major mineral present 
in slow-cooled synthetic slag as well as devitrified blast furnace slags is 
melilite, a solid solution of akermanite (2Ca0-Mg0-2Si09) and gehlenite (2Ca0- 
A1203-Si09), as confirmed by their powder x-ray diffraction patterns. 


In vitrified slag, the glassy structure is mostly melilite. Infrared 
absorption bands of glassy slags are broad due to non-uniform structures while 
crystalline forms have relatively sharp, tall and narrow band peaks (see Fig.4). 
Four prominent strong absorption bands are distinguished and have been 
successfully assigned (16,9). The absorption band around 480-462 cm-1 due to 
0-Si-0 bending vibration (9) is strong and is used as the analytical absorption 
band in this study. In the glass form, the absorption band is broad and may 
incorporate Si-0-Al(VI) band found within 580-500 cm-1. 


From the data in Table III, Figure 5 is constructed. The linear regression 
plot of the infrared absrption R-values as a function of the optical microscopy 
glass count shows a good correlation coefficient (0.9989). The trend is very 
good if we take into consideration errors that may occur during sample washings 


as a prerequisite for microscopy glass count. 


The chemical composition of a slag material has an important role to play 
in the glass content (17,1). Decreased base to acid ratio results in higher 
glass formation, perhaps due to the increase in glass forming cations such as 
silicon (18). However, the method of quenching the slag contributes to its 
degree of glassiness. An ice-water mixture appears to be more efficient in 
producing glass than liquid nitrogen if the platinum crucible with the contents 
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FIG. 3 


Infrared absorption spectra of slow cooled 
synthetic slag and St. Louis slow cooled slag. 


is thrown into the liquid. Figure 6 constructed from Table IV illustrates this 
behavior. 


The most important factor in obtaining accurate results of glass 
determination by infrared spectroscopy appears to be the control of particle 
size of the slag sample and the matrix. The slag sample must be ground 
separately for at least 4 minutes using stainless steel vibrating mill before 
mixing with the preground potassium bromide-ammonium chloride standard mixture. 
An example of grind study of synthetic slag (B/A =.90) is shown in figure 7 from 
Table V. Ammonium chloride especially is very sensitive to grinding time and 
should be controlled by ginding in a mixture of potassium bromide for one minute 
as a standard matrix material. 
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Infrared absorption spectra of vitrifies and devitified 
“Synthetic slag of the same chemical composition 


Conclusions 


The glass content of slags can be determined inexpensively with this method. 
It is simple and can be performed in any laboratory equipped with an infrared 
spectrometer capable of scanning down to 400 wavenumbers. 


It minimizes time consuming sample preparations, such as sample particle 
sizings and washings, common in optical microscopy methods. The direct analysis 
of a slag sample is more attractive, since the quality of the sample as a func- 
tion of its hydraulic activity is not modified by washings and particle sizings. 
Elemental impurities in blast furnace slags which affect the glass content deter- 
minations in luminescence and ultraviolet methods are absent or minimal using 
this infrared spectroscopy technique. 
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TABLE III. 


INFRARED ABSORPTION R-VALUES AND THE 
CORRESPONDING MICROSCOPY GLASS COUNT OF 
SOME COMMERCIAL SLAGS. 


Commercial Percent Glass Mean R-values 
Slag Source by Microscopy RSD 














Hamilton Slag 36.4 sar see 
St. Louis Slag 5.47 .51 + .28% 
Yawata Slag 92.1 .085 + 
Levy Slag 38.1 me 
"Crystalline" Slag 3.85 29 











10 » 430 40 SO 60 70 80 90 100 





PERCENT GLASS BY OPTICAL MICROSCOPE 


Fig. 5 
Infrared absorption R-values as a function of 
the corresponding microscopy glass count for 
some blast furnace slags. 
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TABLE IV. 
Comparison of Quenching Techinique 
Glass Content (R-value) 


Base/Acid Ratio Mean R-value Mean R-value 
No Quench Ice-Water Quench 








0.80 14 .082 


0.90 . 14 
1.00 : aD 
10 me 
18 
20 
. 30 





TABLE V 


EFFECT OF TIME OF GRINDING ON INFRARED 
R-VALUES OF B/A =.90 


Time of grinding Mean R-value 
(minutes) +S. 0. 








0.23 + .002 
0.47 + .004 
0.54 + .003 
0.58 + .001 
0.61 + .012 
0.67 + .004 





The correlation between microscopy determination of glass and infrared ab- 
sorption R-values supports the use of the infrared spectroscopy in quantitating 
the glass content of slags. The present technique eliminates bias usually ex- 
perienced during glass counting by optical microscopy and offers a good substi- 
tute for the high cost of maintaining and operating an x-ray diffraction unit. 
The method may be more accurate than optical microscopy. However, this is dif- 
ficult to determine because the standards used to develop the infrared proced- 
ure were calibrated by optical microscopy. 
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THE DETERMINATION OF SETTING TIME OF PORTLAND CEMENT 
BY THE VICAT TEST 


I. Soroka 
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(Communicated by J.P. Skalny) 
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ABSTRACT 
In quick-setting cements, setting may occur, wholly or partly, within 
the four minutes of the specified mixing time. The resulting structure, 
however, iS broken by the mixing operation and the cements exhibit a 
normal, or near normal, setting. Hence, the use of the Vicat test (BS 
4550: Part 3) for determining setting times of quick setting cements is 
not always adequate and may give misleading results. 


Introduction 


The use of the Vicat for determining the setting times of cements involves 
a simple procedure which has been universally employed and specified (1-4) for 
many years. Under normal conditions, i.e. when cements of normal setting times 
are concerned, the Vicat test is quite satisfactory for all practical purposes. 
It should be point out, however, that under certain conditions, i.e. when init- 
ial setting times of the order of a few minutes are involved, the Vicat test 
ceases to be adequate and may give misleading results. This limitation of the 
Vicat test which, again, is relevant to quick-setting cements only, became ap- 
parent in a series of tests which are briefly discussed here. 





Testing Procedure and Results 


In the tests involved, the water consistence and setting times were deter- 
mined in cements of different gypsum content in accordance with BS 4550: Part 3 
(5). The cements in question were prepared from two ordinary Portland cement 
clinkers (Table 1) by grinding together the clinker and the gypsum to the fine- 
ness of 330m¢/kgwhen determined by the air permeability method (6). The gypsum 
used was phosphogypsum containing 2.1% and 1.1% P90 and F respectively, and the 
amound added, expressed as S03, varied from 0 to 3% with respect to the weight 
of the clinker. Results are presented in Fig. 1, in which the standard consis- 
tence is presented as the amount of water required to produce a paste of a stand- 
ard consistence, expressed as percentage of the weight of the cement. 
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Table 1 
Chemical Composition of the Clinkers (percent by wt) 


Clinker CaO Si0, Al,0. Feo04 3 


A 65.98 22.00 5.96 3.04 0.30 1.60 0.36 0.34 0.63 0.30 
B 65.86 23.36 5.86 2.44 0.40 1.28 0.25 0.30 0.40 0.26 


SO. Mg0d Na40 K,0 Insol. L.O.1I. 








Discussion 


Gypsum is added to the cement in order to retard its setting and, in most 
cases, Portland cements exhibit quick setting without such, or a similar, re- 
tardation. The retarding effect depends on the type of gypsum involved and the 
amount added. Generally speaking, for a given type of gypsum, the setting time 
nein with the increase in the added amount up to a certain S03 concentra- 
tion (7). 


In the light of the preceding discussion, the data of Fig. 1 are partly un- 
expected and warrant a suitable explanation. It may be erroneously concluded 
that the setting times of both clinkers tested complied with the relevant re- 
quirements of the standards, namely a minimum initial setting time of 45 min- 
utes and a maximum final setting time of 600 minutes (1). Furthermore, it is 
indicated that the addition of small amounts of gypsum, i.e. some 0.5% of S03, 
actually accelerated, rather than retarded, the setting of the cements in quest- 
ion. It is known, of course, that some clinkers do not exhibit quick setting 

without added gypsum and it may be ar- 
gued that this was also the case under 
conditions at hand. The accelerated 
CLINKER A CLINKER B effect of the gypsum, however, has not 
ue MNES iment bl aie i been observed and is, indeed, rather 
difficult, if not impossible, to ex- 
plain on the basis of present knowledge. 


In the manufacture of Portland 
cement, the gypsum is interground with 
the clinker, and the temperature may 
rise high enough for the gypsum to 
partially dehydrate to hemihydrate. On 
the addition of water, the hemihydrate 
re-hydrates quickly back to gypsum and 
brings about the stiffening of the ce- 
ment paste, i.e. false set takes place. 
Under conditions at hand, however, the 
| apparent accelerating effect of the 
; small addition of gypsum cannot be at- 
] tributed to false set, because if this 
. were the case, such a set would have 
; occurred in all the cements, and not 
4 Only in those containing small amounts 
1 of gypsum. In fact, the false set 
- . : 3 92" would have been more pronounced in the 

cements containing the higher amount of 
ADDED GYPSUM, PERCENT OF SOs gypsum rather than in those containing 
ee. } a low amount of gypsum. Moreover, the 


Effect of gypsum on setting times very same apparent effect on setting 
and standard consistence time was observed in another study (8) 








a8. 


SETTING TIME, MINUTES 
5 ad 
si 
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where the gypsum was mixed, and not interground with the cement, i.e. where the 
possible formation of hemihydrate could not be considered any more. It is quite 
reasonable to exclude, therefore, the possibility of false set to explain appar- 
ent accelerating effect of small additions of gypsum on setting times under con- 
ditions at hand. 

BS 4550 requires to prepare the paste for testing by "vigorously" mixing 
the water and the cement for 240 + 5 s (5). It follows that if setting occurs, 
partly or wholly, within the four minutes of the mixing, the set is broken and 
the paste may exhibit an apparent normal or near normal setting. If this is the 
case, and setting takes place during the mixing operation, some of the water is 
chemically combined with the cement, and a greater amount of mixing water will 
be required to produce the standard consistence. It can be seen that, indeed, 
the two cements without any added gypsum, and the one from clinker B containing 
only 0.4% of added S03, required a significantly greater amount of mixing water 
in order to reach the standard consistence. Moreover, when the same cements 
were mixed with water for only 30 s, stiffening became apparent within a few 
minutes and the resulting pastes became brittle and unworkable. 


In view of the preceding discussion, the following may be concluded with 
respect to mechanism involved. In the cements with no added gypsum, the alumin- 
ates react with water immediately, but no setting occurs because the resulting 
structure is broken by the mechanical effect of the mixing operation. At the 
end of the four minutes, when mixing is completed, the paste contains hardly any 
unhydrated aluminates and setting is brought about mainly by the hyration of the 
calcium-silicates after some time, i.e. "normal" setting takes place with the 
resulting setting times being similar to those of a properly retarded cement. 
However, when only a small amount of gypsum is added to the cement, only part of 
the aluminates hydrates while the other part remains unhydrated in the paste 


when mixing is completed. In the absence of sufficient amounts of S0q, however, 
the remaining aluminates hydrate within a short time. Hence, the rather short 
setting times characterizing the cements in which the added gypsum content was 
equivalent to about 0.5% of S03. 


Summary of Conclusions 


In quick setting cements setting may occur, partly or wholly, during mixing. 
The resulting structure, however, is broken by the mixing operation and the ce- 
ments, when tested by the Vicat needle, exhibit an apparent normal, or near nor- 
mal, initial setting times. This limitation of the Vicat test is relevant to 
the special case of quick setting cements, whereas for normal cements, the Vicat 
test should be considered satisfactory for all practical purposes. 
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THE GLASS IN LOW-CALCIUM FLY ASH 


Bryant Mather 
Structures Laboratory 
U.S. Army Engineer Waterways Experiment Station 
P.O. Box 631 
Vicksburg, Mississippi 39180 USA 


(Refereed) 
(Received March 7, 1984) 


Among the 16 materials studied in the Corps. of Engineers investigation of 
pozzolans and slags (Mather, 1958) were four fly ashes, all collected in the 
eastern part of the United States, all from power plants burning bituminous 
coal. They were designated AD-3 (Chicago), AD-7 (Detroit), AD-8 (Philadelphia) 
and AD-9 (Baltimore). The CaO, by chemical analysis, was between 2.3 and 5.3 
percent. Mather (1958) gave some data on these including the following: 


AD-3 AD-7 AD-8 AD-9 
Si0 47.2 47.4 38.2 44, 


2 


A140. 1935 34.0 Sat 34. 


Fe,0. 18.2 9.0 16.3 6. 
CaO 3 Sua 3.9 

Loss on Ignition 0.8 3.9 12.2 

Carbon 0.43 3.17 11.13 

Finer than 75-um sieve 95.5 92.8 93.6 


Finer than 45-um sieve 93.5 81.7 85.8 











The values for silica content plotted in Fig. 2, recalculated omitting the 
carbon and Feo03; are 58.0, 54.0, 52.6, and 52.0 respectively. Some quartz was 
noted but did not make up as much as 3% by mass of any sample based either on 
microscope or XRD evaluation. 


The discussions by Diamond (1983, 1984) and Idorn (1984) on the glass in 
fly ash suggested that data on the glass in these four ashes might desirably be 
recorded. These data are taken from a manuscript report prepared by Katharine 
Mather from data developed by D.M. Hausen and A.D. Buck. 


Transparent isotropic particles were recorded as glass. Glass content was 
determined as weighted average by particle counts in sieve-size groups. 


Most of the glass particles are spheres in the 1-20 um range. The index 
of refraction of the colored glass was higher than that of the colorless glass 
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FIG. 1 


Histograms of the distributions of indices of refraction of 
of glassy particles in four fly ashes. 
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A simple inverse linear relationship has been found to 
exist between silica content and mean index of refraction 
of glass portion of glassy admixtures 











AD-3 AD-7 AD-8 AD-9 










Glass, % 8] 75 5] 70 
Size range, um 1-10 3-13 4-20 3-14 
Mean indes of refraction 1.546 1.557 1.568 1.565 
% glass in 

150 to 75-um size 60 55 35 60 






size finer than 75 um 82 76 52 72 














but there was a range of indices in each case. About 10 percent of the glass 
particles contained crystalline inclusions; mullite needles were more common in 
yellowish-green glass of higher index. The silica content of the glass can be 






B. Mather 


estimated from the index of refraction (George, 1924). Fifty glass particles in 
each of several samples of each fly ash were recorded as having an index of re- 
fraction above or below that of the immersion medium. The media used had in- 
dices of from 1.480 to 1.680 in steps of 0.020. The examination was made using 
white light at a magnification of 420X. The data are presented in Fig. 1 as 
histograms. The data as mean and range are indicated in Fig. 2 on which also 
are shown the index of refraction of the glass in other materials containing 
glass used in the study partially reported by Mather (1958). 
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DISCUSSIONS 


A DISCUSSION OF THE PAPER "STUDIES OF ALKALI-SILICA REACTION - PART II. 
EFFECT OF AIR ENTRAINMENT ON EXPANSION," BY A.D. JENSEN, 
S. CHATTERJI, P. CHRISTENSEN, AND N. THAULOW 


Bryant Mather 
Structures Laboratory 
Waterways Experiment Station 
Vicksburg, Mississippi 39180, USA 


The authors interpret the results they found, which included a 40% 
expansion reduction associated with an increase of air content of mortar from 
about 5 % to 9% as due to the 4% added air produced by use 
of an air-entraining admixture. They also speculate that the "general suspic- 
ion in Denmark" that "an entrained air-void system is not as effective" in pre- 
venting damage due to freezing and thawing "as has been claimed by workers of 
other countries" may be, in part, due to partial filling of the air voids with 
products of alkali-silica reaction. 


Vivian (1947, 1950) studied the effect of void space in mortar on expan- 
Sion due to alkali-silica reaction. He did not use an air-entraining admixture 
but rather caused percentage of void space to vary by altering the water-cement 
ratio, or the aggregate content. One of his conclusions (Vivian, 1947) was 
"Entrainment of air in mortar may prevent serious expansion, provided the num- 
ber and volume of individual air voids are sufficiently large. Unless voids of 
greater volume than that of the reaction product are situated close to each re- 
active aggregate particle, the mortar will be cracked and expanded to some ex- 
tent." 


The relationships revealed by Vivian's studies (1947) are indicated in 
Figures 1, 2, and 4 from his paper. These were not reproduced in the summary 
of that paper that was published in the USA (Vivian, 1950). In the summary, 
Vivian expressed his findings in these words: "... when the amount of void 
Space in the mortar exceeded 7-8 percent by volume, the mortar was not expanded 
abnormally"; when it was less than this, "expansion was abnormally large." 
This suggests that it is the total amount of distributed voids that is effec- 
tive and it is not required that the increase in volume be produced specific- 
ally by the use of an air-entraining admixture. 


As to the role of air-void filling by deposition of reaction products on 
effectiveness of the air-void system in playing its role in contributing to 
making water-saturated concrete immune to the effects of freezing and thawing, 
there are several relevant points. A proper air-void system with a bubble- 
spacing factor (L) less than 0.20 mm (0.008 in.) is absolutely necessary but is 
never sufficient. The concrete will be immune only if it also is made with 
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sound aggregate and if it is allowed to mature so as to reduce its fractional 
volume of freezable water at saturation to a sufficiently low value so that the 
air-void system can accommodate the increase in that volume on freezing. Such 
maturity will be achieved when the concrete has a compressive strength of about 
25 MPa (3500 psi). If all of these criteria are met, the concrete will be im- 
mune to harm by freezing and thawing even if saturated, by natural processes when 
frozen. 









The air voids can be significantly reduced in volume without comparable 
reduction in their effectiveness since the volume of air required to achieve 






L < 0.20 mm is much greater than 9 % of the fractional volume of freezable 
water at saturation of concrete of the stipulated minimum maturity to be frost 
resistant. The 9 % of the volume of the mortar fraction of the concrete 







that is normally required to be air-void space in order to achieve the L < 0.20 
mm is, typically, about 10 times the increase in volume of the freezable water 
on freezing. I doubt that deposition of reaction product in voids has rendered 
air-entrained concrete less effective in providing frost resistance in Denmark 
than it has been elsewhere. I expect that air entrainment has been less effec- 
tive in Denmark than other places because, since those who tried it didn't 
really believe in it, they didn't give it a fair trial. They did not insure 
that, in the hardened concrete, in service, there really was, at least 

95% of the time in the “air-entrained" concrete an air bubble not further away 
than 0.20 mm from any point in the cement paste. All the concrete that we have 
ever seen that has been damaged by freezing and thawing while critically satur- 
ated either had L > 0.20 mm (the usual case) or unsound aggregate, or was fro- 
zen while immature (strength < 3500 psi). 
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REPLY TO MATHER'S DISCUSSION OF 7 
"STUDIES OF ALKALI-SILICA REACTION - PART II ETC." 


A.D. Jensen, S. Chatterji, 
P. Christensen and N. Thaulow 
Teknologisk Institut, Denmark 


First of all we would like to thank Dr. Mather for his interest 
in our paper and especially for sending us copies of Vivian's 
papers, for which we are grateful. 


Dr. Mather's discussion may be divided into two parts. The first 
part deals with the priority of the observation that an incorpo- 
ration of air-voids decreases the alkali-silica expansion. With- 
out any question Vivian has the priority. Until recently we were 
unaware of these important papers and wonder why they have been 
forgotten by most workers and no attempt has been made in recent 
years to counteract or at least reduce alkali-silica expansion 
by incorporating air-voids. Let us hope that in the future the 
above observation will be utilized. 


The second part of the discussion deals with frost damage. Actu- 
ally Dr. Mather has raised two points: 


(a) Characteristics of air-voids in hardened concrete structures: 
Until recently characterization of air-voids in hardened concrete 
structures was a time-consuming and expensive operation, and as 

a result was seldom used in day-to-day quality control. Specifi- 
cations mostly demanded use of an approved air-entraining agent 
and about 5% by volume of air in fresh mixes. As this worked in 
other countries, it should have worked in Denmark as well. 


(b) Volume of air required to ensure frost_resistance: Dr. Mather 
has already noted that the requirement of L less than 0.20 mm can 
be satisfied by concrete samples containing much less air than 
the customary demand of 5%. A concrete sample_containing about 3% 
air or less may easily satisfy the demand of L less than 0.20 mm; 
however it isageneral belief that such a concrete sample will 
not be frost resistant. It would appear that a further criterion 
of about 5% air-void has to be added to those listed by Dr. Mather 
Now let us consider the case of a concrete sample which contained 
%$ air at the beginning, but 2% air-void has been subsequently 
filled up by reaction products. Obviously this sample will be 
more prone to frost damage than a comparison sample where no fil- 
ling up occurred. We drew attention to this state. 
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NEWS ITEMS 


Annual Convention of the AMERICAN CONCRETE INSTITUTE, Denver, March 1985 


CO. Information: Ann K. Burttell, Convention and Meetings 
Manager, ACI, P.O. Box 19150, Detroit, MI USA. 


Seminar on TECHNOLOGY OF CONCRETE WHEN POZZOLANS, SLAGS, AND March 1985 
CHEMICAL ADMIXTURES ARE USED, sponsored by Universidad Autonoma 

de Neuvo Leon, Monterrey, N.L., Mexico and co-sponsored by ACI 

and RILEM. Information: Raymundo Rivera-Villarreal, Apartado 

Postal No. 17, Sue "B," San Nicolas de Los Garza, N.L. Mexico, 


64000. 


7th International Conference on CEMENT & CONCRETE MICROSCOPY, March 25-28, 1985 
Americana Hotel, Fort Worth, TX, USA. Information: Arturo G. 

Nisperos, Material Service Corp., 901 N. Sangamon St., Chicago, 

IL 60622. 


Ist International Conference on DEMOLITION AND RECYCLING May 31 - June 3, 1985 
OF CONCRETE, Rotterdam Hilton Hotel in the Netherlands. 

Sponsored by the European Demolition Assoc., and the Tech- 

nical Committee 37-DRC of the RILEM. Information: Mr. R.C. 

Basart, 44 Benoordenhoutseweg, 2596 BC DEN HAAG, The Nether- 

lands, or Prof. T.C. Hansen, Building Materials Laboratory, 

Technical University of Denmark, 2800 Lyngby, Denmark. 


Symposium on EVALUATION OF FIRE DAMAGE OF CONCRETE AND REPAIR October 1985 
OF DAMAGE during the ACI fall convention in Chicago. Infor- 

mation: T.Z. Harmathy, National Research Council of Canada, 

Division of Building Research, Ottawa, Ontario KIA OR6, Canada, 

or F. Ray Vollert, Rockwell Hanford Operations, P.0. Box 800, 


Richland, WA 99352. 


The 8th International Congress on the CHEMISTRY OF CEMENT, 
Rio de Janeiro, Brazil. Information: Secretaria Geral do 
8° Congresso de Quinica do Cimento, Rua da Assembleia, No. 
10, 40° andar, Grupo 5001-20011, Rio de Janeiro/RJ, Brazil. 


Late Summer 1986 


ANNOUNCEMENT OF A SYMPOSIUM 


The 2nd International Symposium on HYDROTHERMAL REACTIONS will be held at 
The Pennsylvania State University, University Park, PA, August 12-14, 1985. The 
conference continues the traditions of the first symposium which was held in 
Japan in 1982 and the Nobel Symposium on "The Chemistry and Geochemistry of 
Solutions at High Temperatures and Pressures" held in Sweden in 1979. The pur- 
pose of the conference will be to bring together scientists active in research 
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on high pressure aqueous and related chemical systems. Included will be appli- 
cations to hydrothermal geochemistry, reactions used to prepare electronic mater- 
ials and ceramics, hydrothermal crystal growth, near- and supercritical separ- 
ations, corrosion chemistry, and the physical chemistry of fluids at high pres- 
Sures and temperatures. 


The conference co-chairmen are Prof. H.L. Barnes of The Pennsylvania State 
University, and Dr. R.A. Laudise at AT&T Bell Laboratories. Further information 
may be obtained by writing: Second International Symposium on Hydrothermal Re- 
actions, The Pennsylvania State University, Keller Conference Center, University 
Park, PA 16802 USA. 


CALL FOR PAPERS 


An International Symposium on CONSOLIDATION OF CONCRETE will be held during 
the ACI annual convention in San Francisco, CA, March 1986, sponsored by Commit- 
tee 309, Consolidation of Concrete. Topics include, but are not limited to: 
effect of mix properties, concrete materials; methods of consolidation, select- 
ion of vibrator equipment; equipment for vibration, new developments; theoreti- 
cal aspects regarding consolidation; test methods for judging adequacy of con- 
solidation in fresh concrete; methods for measuring vibrator efficiency, fre- 
quincy, amplitude, force; procedure of vibration, internal and external; revi- 
bration, timing, extent, benefits; design of form equipment and placing vibrator 
on forms, size, spacing, form requirements; consideration of construction de- 
tails, reinforcement spacing, concrete workability; mass concrete, roller com- 
paction; structural concrete, pavements, slabs, precast products, block, pipes; 
special concretes, lightweight, heavyweight; quality control, consolidation of 
test specimens; field performance, discussion of experiences of properly and im- 
properly consolidated concrete. 


Authors should send Paper title, 200 word abstracts, and author(s) name, 
title, organization, and address by Dec. 31, 1984 to Steven H. Gebler, Construc- 
tion Technology Laboratories, Portland Cement Association, 5420 Old Orchard Road, 
Skokie, IL 60077. Final papers are due June 30, 1985. 
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OBITUARY 


Sir Frederick Lea, CB, CBE, FRSC, died on July 7 at the age of 84. 
He was Director of Building Research at the Department of Scientific and 
Industrial Research from 1946 to 1965, where he served for forty years, 
making major contributions to the chemistry of cement, and to fostering 
building research in post-war Britain, the Commonwealth and internation- 
ally. Lea developed the technology of cements and pozzolanas, work lead- 
ing to the economic utilization of industrial wastes like blast-furnace 
slag and later pulverized fuel from coal-burning power stations. The 
author of many papers, his textbook "The Chemistry of Cements and Concrete" 
1S a standard work of reference, now in Third Edition. 

In 1964 he was awarded the Walter C. Voss Award by the ASTM, the 
first occasion the award was made outside North America. He was a 
founding member of CIB, the International Council for Building Research, 
Studies and Documentation (President, 1955-57), and of RILEM, the Inter- 
national Union of Testing and Research Laboratories for Materials and 
Structures (President, 1957-58). He also chaired the Concrete Committee 
of the International Congress on Large Dams from 1953-1959. 
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EDITORIAL: 
SOFTWARE SURVEY SECTION 


It is planned to introduce a new Software Survey Section to CEMENT AND 
CONCRETE RESEARCH to encourage the open exchange of information on software 
programs unique to our professional field. With the rapid penetration of 
computers into academic and industrial institutions has come a parallel 
increase in the number of scientists and researchers designing their own 
software. The existence of much of this software remains unknown to even 
those of us who could most benefit from its use. We believe that it is of 
vital importance to our readers that such information be made available. We 
believe also that a professional journal is the best place to share such 
information. Your contribution would be most welcome. 





The questionnaire on the following pages is designed to assist you in 
reporting on software that you may have developed or be in the process of 
developing. By completing this form, your information will reach thousands of 
your colleagues who may benefit from your work and may possibly offer 


suggestions for further enhancements to your software. Please complete the 
enclosed form and return it to: 


Kathleen S. Mourant 
Assistant Editor 
CEMENT AND CONCRETE RESEARCH 
202 Materials Research Laboratory 
Pennsylvania State University 
University Park, PA 16802 USA 


We do not intend to review or comment on the contents of the questionnaire. 
It will be published as is in order to expedite the information cycle process. 


I would welcome any comments you may have. 





II Software Survey Section 


NAME OF JOURNAL CEMENT AND CONCRETE RESEARCH 





PERGAMON PRESS 
SOFTWARE DESCRIPTION FORM 


Title of software package: 














It Is: [ JApplication program [ JUtility [ JOther 


Specific area 
(e.g. Thermodynamics, Inventory Control) 





Software developed for [name of computer(s) ] 





in [language(s) ] 





to run under [operating system] 





and is available in the following media: 
[ ]Floppy disk/diskette. Specify: 
Size Density [ ]Single-sided [ JDual-sided 


[ Magnetic tape. Specify: 
Size Density Character set 





Distributed by: 





Minimum hardware configuration required: 





Required memory: User training required: [ J]Yes [ JNo 





Documentation: [ JNone [ JMinimal [ ]Self-documenting 
[ JExtensive external documentation 


Source code available: [ ]Yes [ JNo 


Level of development: [ JDesign complete [ ]Coding complete 
[ ]Fully operational [ ]Collaboration would be welcomed 


Is software being used currently? [ JYes [ No 





If yes, how long? If yes, how many sites? 





Contributor is available for user inquiries: [ JYes [ No 


Return completed forms to: 


Kathleen S. Mourant, Assistant Editor 
CEMENT AND CONCRETE RESEARCH 
202 Materials Research Laboratory 
Pennsylvania State University 
University Park, PA 16802 USA 


(continued) 


[This Software Description Form may be photocopied without permission] 








Software Survey Section 


Description of what software does [200 words]: 


Potential users: 





Fields of interest: 





###et#t # # 


Name of 
contributor: 





Institution: 





Address: 








Telephone number: 





t#itét# # # 





Reference No. [Assigned by Journal Editor] 


[The information below is not for publication. ] 
Would you like to have your pragram: 
Reviewed? [ JYes [ JNo [ JNot at this time 


Marketed and distributed? [ J]Yes [ JNo [ JNot at this time 


[This Software Description Form may be photocopied without permission] 








